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The purpose for this study is threefold. All involve single handed lifting tasks where the 
height of the lifted object, the distance of the lifted object from the body, and the angle of 
the lift relative to the body were varied.  First, examine the activity of each of the shared 
musculature of selected shared muscles between the shoulder and cervical spine. Second, 
attempt to empirically model the activations of the shared muscles. Third, to understand 
the relationship between the active and antagonistic contraction. Finally, to establish a 
biomechanical model to estimate the compressive forces on the cervical spine.  
Ten subjects participated in the study and performed lifting of five different weights from 
twenty different locations. Those locations were a combination two heights, two reach 
distances, and five different angles. EMGs activities of three selected muscles of the 
shared musculature between the neck and shoulder were the dependent measures. The 
independent variables were height, distributing angles, weights, gender, and reach 
distance. The muscles chosen were the Upper Trapezius, Stemocleidomas and Levator 
Scapula.  
 Results showed that muscles on both the left and right side of the neck were very active 
 
 
 
 
during these right hand lifts. The antagonistic contractions in all the muscles studied were 
found to be related to the contractions happening in the active counterpart of the muscle. 
Results also showed that the activation pattern in all active muscles is predictable based 
on hand loads, arm posture, and anthropometric measurements.  In addition, it was found 
that work height, reach distance, gender, and distributing angles are all significant factors 
in stimulating activation in the shared muscles. Finally, it was found that the co-
contraction is accurately predicted by the active contraction for the same muscles in the 
left and the right side respectively.  
Examination the balance of moment produced during lifting tasks at the C4/C5 disc was 
conducted and  it was found that the active shared muscles and their co-contracting 
counterparts are the main contracting muscles. Utilizing these findings, a biomechanical 
model was constructed that was capable for estimating the compressive forces on the 
cervical spine at C4/C5 vertebra, due to hand usage.   
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CHAPTER 1: INTRODUCTION 
1.1 Introduction  
 
Musculoskeletal (MSDs) injuries are the most prominent health problem affecting 
workers (EASH,1999, NSC,2001, NIOSH, 1997). In the US MSDs result in  a cost 
between $13 to $20 billion as lost working days with $2.1 billion and $11 billion 
associated with worker’s compensation for the upper extremities and low back 
respectively (NIOSH, 2001; Beek and Hermans, 2000; Buckle and Devereux, 1999; 
Hagberg el 1995; Wilson and Corlett, 2000; Bowman, 1999). 
The neck region is a common site of work-related musculoskeletal injuries and disorders. 
Neck pain affects about 10% of the general population (Gore, 1998). The pain can be 
caused by irritation, compression and destruction of sensitive structures in the neck.  It is 
estimated that in as many as one-third of people who experienced neck pain, the neck 
pain is not self-limiting and could progress to moderate long-term disability 
(Rothman,1982).  In general, 30% of neck and cervical spine health problems among the 
working population are attributed to musculoskeletal injuries. The frequent sites of neck 
injury are C5 level (74%), C4 level (16%), and C6 level (10%) (Terg, Pavlov, O’neill, 
Nichols, & Sennett, 1991). The levels refer to the cervical vertebra of the cervical spine. 
Those vertebras are ranked top-down 1 to 7.  The use of upper extremities in working 
activities has been linked to neck pain and musculoskeletal injuries. In work related 
activities, neck pain has been reported to be as high as 37% for food packers, 31% for 
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cash register operators, 27% for office workers and 63% for welders (Ohara et al., 1976; 
Luopajarvi et al., 1979, Torner et al., 1991). It was concluded from epidemiologic studies 
that there is 'evidence' connecting forceful exertion of the arm with  the occurrence of 
musculoskeletal injuries in the neck (NIOSH,1997; Aaras & Ro, 1997).  
A few researchers have developed biomechanical models of the cervical spine to estimate 
the compressive forces by calculating the internal forces exerted by muscles on the 
anatomical structures or joints. Because there are more variables (muscle forces) than the 
governing equations, a problem of indeterminacy arises. In order to overcome the 
indeterminate issue, three biomechanical approaches - optimization-based, EMG-based, 
and EMG assisted optimization -are used in quantifying the load on the spine from 
muscle activity.  
The Optimization technique is used to find the optimum solution under two main 
assumptions, minimizing the maximum intensity in the muscles and minimizing the sum 
of internal muscle forces. The model developed by Moroney et al, (1988) uses a double 
optimization approach to estimate the muscle forces and spinal compressive forces. In 
this model, a double linear optimization is employed to first minimize the maximum 
intensity of the muscles, and then uses the value of the maximum intensity to minimize 
the muscle forces. The first linear program finds multiple optima based on an assumption 
of minimizing the maximum intensity. The second linear program uses the minimum 
maximum intensity to pick the optimal solution from multiple solutions by minimizing 
the summation of muscle forces. The model is explained in more detail in chapter 2. 
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The EMG-based technique relies on the EMG signal and kinematic data to compute 
muscle forces. In the EMG-based technique, neck muscles are grouped according to their 
locations into eight groups. As a result, the muscles in one group are assumed to have an 
equal level of EMGs.  To compensate for the errors expected from the grouping, an 
adjustment of muscle activation is required after forces are acquired. The adjustment 
works by computing a common level of activation for all muscles. This common 
activation level is required to find the least muscle forces to encounter the external 
moments. McGill (1994) introduced a new hybrid approach termed ‘hybrid’. In this 
approach, McGill (1994) calculated muscle forces based on EMG signals and then used 
optimization to compute individual activation level of each muscle instead of a common 
activation level.  The hybrid model determines individual activation patterns of the 
muscles involved to calculate the least muscle forces to counter the external moment. 
The purpose of this research is to build a biomechanical  model that can estimate the 
compressive force on the cervical spine easily and accurately.  
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 
2.1 Overview  
Work-related-disorder is defined as the result of many factors where environmental work 
conditions as well as the method of performing work are significant contributions to the 
causation of the disease. Musculoskeletal disorders (MSDs) are one type of work related- 
disorder and are one of the main causes of occupational illness in the U.S. and Europe 
(Harrington, 1998; Sluiter, 2000; EASH, 2000).  MSDs  inflict injuries to many body 
structures including nerves, joints, cartilage, tendons, spinal intervertebral discs, and 
muscles. They are classified under two types: traumatic and idiopathic musculoskeletal 
disorders. Idiopathic musculoskeletal disorders occur as a result of degradation while 
traumatic musculoskeletal disorders are due to incidents. The exposure to risk factors at 
the working place is associated with MSD. These risk factors can be body related (e.g., 
genetic and anatomical structure), mental related (psychosocial factors), and 
biomechanical related (Kumar, 2001). Although body and mental related risk factors are 
important for understanding the mechanism of MSDs, understanding biomechanical risk 
factors allow for possible prevention and better control strategies. Repetition, vibration, 
posture, force, temperature, duration, and mechanical stress are among biomechanical 
risk factors that are contributing to MSDs (NIOSH, 1997). 
The cost of MSDs is very high as many countries suffer both socially and economically. 
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In Germany, 135 million (30%) working days are lost due to MSDs with an estimated 
cost of 24 billion DM due to sick leave.  In the Netherlands, MSDs account for 46% of all 
sickness leave. In Britain, MSDs inflict a loss of more than 10 million working days 
annually. This breaks down to 5 million working days 4 million working days related to 
low back, and 3 million working days are related to neck and arms, with an estimated 
cost between £84 million and £254 million sterling in medical expenses. In the United 
States MSDs incur a cost between $13 to $20 billion annually as lost working days with  
$2.1 billion and $11 billion associated  in workers’ compensation for the upper 
extremities and low back respectively (NIOSH, 2001; Beek and Hermans, 2000; Buckle 
and Devereux, 1999; Hagberg, 1995; Wilson and Corlett, 2000; Bowman, 1999 ). In great   
Britain, industrial injuries are reported to be associated with manual handling loads alone 
, which is a type of MSDs,  and are as high as 25% of all industrial related injuries 
(Kroemer and Grandjean, 1997). Marras (1995) reported similar data for the United 
States : disc disorders in Germany were reported to cause 20% of absenteeism and 50% 
of premature retirements (Kramer, 1973). Overall, approximately 66% of occupational 
injuries are due to lifting loads (Kroemer and Grandjean, 1997). 
With regard to pain, neck pain affects about 10% of the general population (Gore, 1998). 
This pain can be caused by irritation, compression, or destruction of sensitive structures 
in the neck. Many types of tissue in the cervical region can be a source of pain: muscles, 
intervertebral discs, the posterior longitudinal ligament, and the facet joints (Cailliet, 
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1981).  It is estimated that in as many as one-third of people,  neck pain is not self-
limiting and could progress to moderate long-term disability (Rothman, 1982).  
Neck pain is classified as specific injuries and work-related pain. Specific injuries are 
related to motor vehicle accidents, acceleration, falling, and being struck on the head or 
the neck. The use of upper extremities in working activities such as those done by 
cashiers, carpenters, cash register operators, and office workers are categorized as related 
to work activities and classified as musculoskeletal disorders.  Work-related 
musculoskeletal injuries and disorders represent 30% of neck and cervical spine health 
problems among the working population (Kroemer and Grandjean, 1997).  Work-related 
MSDs of the neck can be inflammatory and/or degenerative diseases and disorders 
(Buckle and Devereux, 2002).  Inflammatory types, which are associated with prolonged 
and repetitive exertions by the neck muscles, encompass tension neck syndrome and 
trapezius myalgia.  The degenerative disc diseases are associated with work activities 
requiring physical use of hands. They mainly affect the cervical spine and are associated 
with forceful exertion of the hands (Hagberg and Wegman, 1987).  
 Hand lifting is one of the causes of cervical-disc complex disorders (Borenstein, Wiesel, 
& Boden, 1998). Degenerative disc disease is among the pathologies of cervical-disc 
complex disorders. The pathology of degenerative disc disease is a result of an 
impingement of the spinal cord and other nerves as they pass the cervical spine causing 
pain (Bland, 1995). In addition, herniated intervertebral cervical disc and disc protrusion 
on the C4/C5 disc have also been found to have a strong association of hand lifting 
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(Kelsey, Githens, & Walter, 1984; Kondo, Molgaard, & Kurland, 1981). Berglund, & 
Koch ( 1995) stated that cervical disc degeneration is increasingly leading to permanent 
disability. 
In work-related activities, neck pain has been reported to be as high as 37% for food 
packers, 31% for cash register operators, 27% for office workers and 63% for welders 
(Ohara et al., 1976; Luopajarvi et al., 1979, Torner et al., 1991). In epidemiologic studies 
by NIOSH (1997), over 40 epidemiologic studies have examined physical workplace 
factors and their relationship to neck and neck/shoulder  MSDs. It was concluded that 
there is an ‘evidence’ connecting arm forceful exertion and the occurrence of MSDs in 
the neck. In addition, NIOSH (1997) also found that there is ‘strong evidence’ connecting 
neck MSDs and work posture of the neck and shoulder muscles (NIOSH, 1997; Aaras & 
Ro, 1997).  
 
2.2 The Use of EMG in Assessing Neck Disorders 
A review of literature reveals that EMGs have been used extensively to evaluate the 
mechanisms of neck disorders. In the following section, some of those studies are 
summarized.  
Posture, duration, and frequency of electronic assembly work were studied by Moller et 
al. (2004). In this study, Moller et al. (2004) monitored the EMG activities of the upper 
trapezius muscle and from the forearm extensor muscles as workers used different tools.  
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The authors concluded that the load variability had more effect on the upper trapezius 
muscle than the forearm extensor muscles. In a similar study, the effect of duration by 
using the EMG activities of the upper trapezius muscle of assembly workers were studied 
by Bosch et al. (2007). Bosch et al. (2007) found an increase in the EMG values as time 
progresses. Mathiassen and Winkel (1996) also studied the effect of the pace of the work 
on assembly workers. They found that the work pace has a clear positive increasing effect 
on the EMG activities of the upper trapezius muscle. 
High incidents of neck pain are found for cashiers. In a study by Lundberg et al. (1999) 
measuring neck pain and muscle tension among 72 supermarket female cashiers, it was 
found that 70% of those cashiers have high muscle tension as well as neck and shoulder 
pain. Similarly, EMG activities of infraspinatus, trapezius, and erector spinae muscles 
were studied on cash register operators in standing and sitting positions (Lannersten and 
Harms Ringdahl ,1990). In this study, four different cash registers were studied. Based on  
the pattern of EMG activities of the muscles studied, the authors concluded that  
keyboard and  pen reader registers generated less EMGs values than  scanners in which 
the cashier needs to lift the product and scan it.  In another similar study Takala and 
Viikari-Juntura (1991) found that reducing the height of the service counter by 25 cm 
reduces the EMG amplitudes for the right upper trapezius of female bank cashiers. 
The EMG activities of the upper trapezius muscle of female sewing machine operators 
were studied by Jensen et al. (1993). In this study, it was found that the EMG has a 
‘single pattern’ which the authors attributed to the resulted fatigue in the neck and 
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shoulder of those operators.  Similarly, the EMG activities of the upper trapezius muscle 
of manual seaming showed a risk of MSD (Lindberg et al, 1993). 
EMG activity of the upper trapezius muscles was measured over the workday for two 
groups of service workers, shopping center and healthcare workers, both with low 
observed biomechanical exposure. Tests were performed to determine inter subject 
variation in muscle activity when adopting a standardized resting posture and in a 
dynamic muscle activity pattern during paced arm movement. Despite the high 
prevalence of shoulder and neck pain for both groups of workers, the EMG activity level 
in the trapezius muscles was found to be low. The authors interpreted the low EMG 
levels as an indication of a low risk of developing shoulder and neck complaints 
(Westgtaard, Vasseljen, & Holte, 2010).In a study simulating construction work, 
substantial increase of EMG activity was found for the upper trapezius as vertical lifting 
height increases (Anton et al, 2005).  
Neck pain and muscle function of the cervical spine (splenius capitis, 
sternocleidomastoid, and upper trapezius) of helicopter pilots was studied by (Michael, et 
al., 2009).  Michael, et al., 2009 found from the pattern of normalized EMG of those 
muscles that the smaller agonist muscles were the most susceptible to fatigue during 
submaximal isometric endurance movements (70% of maximum voluntary contraction). 
Dental professionals are at a high risk of musculoskeletal disorders of the neck (Åkesson 
et al., 1997). Finsen et al. (1998) found high EMG activity levels of splenius and upper 
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trapezius muscles for dental professionals.  Pitts et al. (2005) evaluated ten dentists using 
EMG. He found that EMG of the upper trapezius muscle revealed signs of fatigue at the 
end of 8 hours shift.    
 Woldstad and Nicolade (2001) studied the effect of hand loads on EMGs for the spenius, 
levator scapula, and trapezius using EMGs. Woldstad and  Nicolalde (2001) found that 
EMG levels increase in the musculature of the neck as hand loads are increased. From 
their findings, Woldstad and Nicolalde (2001) theorized that this increase in muscle 
activity corresponds to an increase in the compressive forces acting on the cervical spine.  
Despite the epidemiologic and the occupational evidence, current modeling work 
focusing on the cervical spine does not allow for the inclusion of the contribution of hand 
loads on the compressive forces at the cervical spine.  The purpose of this research is to 
build a comprehensive biomechanical model to evaluate the contribution of hand loads to 
neck and/or cervical spine disorders. This connection is proposed by using 
electromyography (EMG) during a variety of risk factors of a sitting posture including 
arm posture and hand loads.  
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2.3 Electromyogram EMG. 
 The electromyogram, which is a measure of muscle activity, is the recording of the 
electrical activity resulting from the contraction of the muscles. Basically, the action 
potentials occurring of the motor units during contraction are measured where the 
electrode is placed (Sanders and McCormick, 1993). Two types of methods are used to 
detect the electromyogram, invasive electrodes and surface electrodes. Deep muscles are 
hard to reach by surface electrodes and thus the need of insertion of an invasive object is 
inevitable. Needles are used to measure the activation of deep muscles whereas surface 
electrodes are used for superficial muscles.  
The use of the surface electrodes is more convenient than invasive ones and provides a 
useful index in describing and measuring the muscle activities (Bouisset & Do, 2008).  
The raw electromyogram (EMG) is usually processed, and analyzed by rectifying and 
applying a low pass filtering or by estimating the average rectified or root-mean-square 
value. Raw EMG values are not reliable, due to many factors which can influence them 
(Farina, Merletti et al., 2004). Thus, the EMG from a specific task or event must be  
compared to the EMG from a reference contraction of the same muscle. As a result, the 
value of the EMG from the task is expressed as a percentage of the reference value 
(maximum voluntary contraction). This is referred to as a normalized EMG. EMG 
normalization is, therefore, the process by which the values of activity are expressed as a 
percentage or a proportion of that muscle’s activity (Lehman & McGill, 1999). 
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Normalization of EMGs is important because of the many technical as well as 
physiological factors that can influence EMG magnitude (Cram and Kasman, 1998; 
Kumar, 1996).  EMG should be normalized to permit the comparison between different 
muscles, time, and between subjects  (DeLuca, 1997; Mathiassen, Winkel, et al., 1995; 
Mirka, 1991; Yang & Winter, 1984). Lehman and McGill (1999) have emphasized the  
importance of  the use of the normalized  EMGs, and warned about the  misinterpreting 
the signal if this process is not done. 
2.4 EMG normalization  
Burden and Trew (2003) stated that in order to improve the reliability of the EMG, the 
normalization requires the use of a reliable reference against which experimental EMG 
can be compared. The EMG can be normalized using maximum voluntary contraction as 
a reference (Finsen, 1999; Granata, 1993), and  the peak activation during the tasks 
(Yang and Winter, 1984; Winter and Yack, 1987; Vander Linden and Wilhelm, 1991).  
The use of isometric maximal voluntary contraction (MVC) has been extensively used in 
the literature and it is considered the most reliable reference to normalize the EMG 
(Allison et al., 1993; Yang and Winter, 1984). Using MVC as the normalizing tool will 
allow the assessment of the percentage of activation against the maximum activation 
capability (Harms-Ringdahl et al., 1986; Moroney et. al., 1988).  
2.5 EMG –Force relation  
In an isometric or dynamic contraction that approximated the isometric condition, there is 
a strong relationship between the electrical activity of the muscle, its EMG, and the force 
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of contraction. As isometric force increases, the magnitude of EMG signal also increases 
(Clancy EA, 1997; Donald P, 1997,Donald P, 2003; Seroussi, 1990; Stokes, 1989; Vogt, 
1990; De Luca, 1997; Herzog et al. 1998 ; Lloyd & Besier, 2003). However, the 
relationship of the muscle’s EMG and its force of dynamic contraction is more 
complicated when the muscle is free to change length and velocity ( Herzog et al. 1998). 
Many researchers have found that the muscle force has non-linear relationship to the 
normalized EMG (Stokes, Moffroid, Rush, & Haugh, 1989). This non-linear relationship 
was experimentally quantified in static isometric contractions by Cholewicki., McGill, & 
Norman, (1995), given as: 
                        𝑓𝑖 =  (
𝑒𝑚𝑔
𝑀𝑉𝐶
)
1
1.3⁄ 𝐴𝑖𝜎𝑚𝑎𝑥+ Passive force……………………………. (1) 
 
Where 𝑓𝑖 is the ith muscle force in Newtons, 𝐴𝑖 is the cross-sectional area in 𝑚
2, 𝜎𝑚𝑎𝑥 is 
the maximum muscle force per unit of cross-sectional area that is equal to (3.5 ×  105 N-
𝑚2, 
𝑒𝑚𝑔
𝑀𝑉𝐶
 is the normalized EMG. Choi and Vanderby (1999) omitted the passive force 
and used this equation to estimate compressive forces on the C4/C5.  
In dynamic contraction the relationship between muscle force and EMG data was 
summarized by many researchers in Equation (2)  to be a function of length of the muscle 
during exertion((flength), velocity shortening of the muscle  (fvel), normalized EMG to 
MVC (NEMG), and common gain (G), and passive tension(Fp) (Cholewicki., McGill, & 
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Norman, 1995; Granata & Marras, 1993; Nussbaum & Chaffin, 1998; McGill, 1992; 
Choi & Vanderby, 1999; Theeuwen, Gielen, & VanBolhuis, 1996). 
𝑓𝑀𝑢𝑠𝑐𝑙𝑒 = (𝐺 × 𝑁𝐸𝑀𝐺 × 𝑓𝑙𝑒𝑛𝑔ℎ𝑡 × 𝑓𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦)………………………….(2) 
2.6 Cervical Spinal Anatomy  
The cervical spine, which is the top part of the spine, is composed of both bony and soft 
tissue components that interact to form the fundamental joint structure and permit a 
variety of physiological movements (Ahn, 2005; Zucherman, 1981). The cervical spine 
extends from the thoracic vertebrae to the skull. The function of the cervical spine is to 
support the head and protect the spinal cord. The flexibility of the cervical spine allows 
varying degrees of torsion, flexion, extension, lateral bending and rotation (White & 
Panjabi, 1990). The anatomy of the cervical spine consists of seven vertebrae, ligaments, 
facet joints, and muscles. The spine and cervical spine can be seen in Figure 1. 
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                                  ( a )                                                                     (b) 
Figure 1: (a) the spine) , (b) the Cervical spine(Gray 1918) 
2.6.1 Vertebra  
The human cervical spine consists of seven vertebrae which typically are divided into the 
two upper vertebrae and the five lower vertebrae. The upper vertebrae are atlas (C1), and 
axis (C2). At the bottom of the skull, the occiput (C0) articulates on the atlas (C1) 
through the convex occiput condyles (OC). A superior view of atlas and axis can be seen 
in Figure (2) and Figure(3) respectively. 
16 
 
 
 
 
Figure 2: Atlas (C1) – superior view (Gray 1918) 
 
 
The atlas (C1) is a ring-like structure with anterior and posterior arches where the articular 
facets and transverse processes are located. The axis (C2) is categorized by the dens where 
the C2 body to articulate with the posterior aspect of the anterior arch of C1.  
                                              
Figure 3: Axis (C2) – superior view (Gray 1918) 
The lower cervical spine is different from the upper cervical spine and consists of five 
vertebrae, C3 to C7 (Zucherman, 1981). Each vertebral body in this region has a vertebral 
arch, one spinous process and two transverse processes which function as muscular and 
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ligamental attachment and articulation. The upper end plate surface is convex in an 
anterior-posterior direction and is concave from side to side while the lower end plate 
surface is convex from side to side and concave in an anterior-posterior direction (Yan, 
2006; White & Panjabi, 1990). Figure 4 shows the superior and lateral view of a typical 
lower cervical vertebra. 
 
 
Figure 4: Typical lower cervical vertebra – superior and lateral view (Gray 1918) 
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2.6.2 Soft Tissue Structures of the Cervical Spine 
The cervical spine encompasses soft tissue structures that include ligaments, joints and 
the intervertebral discs.  The intervertebral disc is a fibro-cartilaginous joint. However, 
there are no discs between the axis (C2), atlas (C1), and occiput (C0). The uncovertebral 
joints are small synovial joints located on each side of the disc. The facet joints are 
synovial joints and are enclosed by joint capsules. 
The ligaments of the cervical spine prevent excessive motion and allow a motion that 
provides the physiological need.  The ligaments in the lower cervical spine are shown in 
Figure 5. They are classified into the posterior longitudinal ligament (PLL), the anterior 
longitudinal ligament (ALL), the interspinous ligament and the ligamentum flavum (LF)  
(Yan, 2006; Ahn 2005). 
 
 
Figure 5: Ligaments of the lower spine (Gray 1918) 
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The ligaments in the upper cervical spine are different from those in the lower. The 
anterior occipito-atlantal membrane (AA-OM), which is a continuation of the anterior 
longitudinal ligament (ALL)  and the posterior occipito-atlantal membrane (PA-OM)  
which is a continuation of the  ligamentum flavum(LF)  attach between the skull and the 
C1 vertebral body. The transverse ligament seen in Figure 6 is a strong ligament. The 
apical ligament and the alar ligament hold the dens anteriorly (Yan, 2006; Ahn,2005; 
White & Panjabi, 1990). 
 
Figure 6: Transverse ligament as related to C1 and the odontoid process of C2 (Gray 
1918) 
2.7 Cervical spine tolerance  
In a study of cervical segments of human cadavers between the age of 52 and 91, it was 
found that, under a combination of flexion rotation and compression a mean compressive 
force of 1,948 + 985 N and a flexion moment of 7 + 5 N-m with an angle of 25 + 3°, had 
caused a failure of the cervical segments (Crowell et al, 1993). In addition to segmental 
failure, some specimens showed damage in the posterior ligament (Crowell et al, 1993). 
In order to assess the risk values Hayes and Myers (1995) suggested that the ratio 
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between the actual load (compressive forces) and the failure limit as ‘factor of risk 
Equation 1 and a value of one indicates there is high likelihood of injury to the structure. 
 
                           factor of risk =
𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑙𝑜𝑎𝑑
𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑙𝑖𝑚𝑖𝑡
  ……………………………………..( 3 ) 
2.8 Neck muscles 
The neck muscles appear symmetrically in pairs and they are named according to their 
location (White & Panjabi, 1990). Those muscles are grouped into three categories with 
respect to their function: protect the cervical spine, move the head and the neck, and 
reflex and stabilize in a given posture of the head and neck (Yan, 2006; White & Panjabi, 
1990). The simultaneous contraction of paired muscles results in flexion or extending of 
the head and neck, or inducing lateral bending or axial rotation. In addition, anterior 
muscles are classified as extensors and forward flexors, while later muscles are classified 
as flexors (Zucherman, 1981). The contraction of the posterior muscles extends the spine. 
Independent contraction of neck muscles from their counterpart on the opposite side 
results in rotating or bending the spine laterally (Zucherman, 1981). Neck muscle can be 
seen in Figure 7. 
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Figure 7: Neck Muscles (Zucherman,1981) 
 
Table 1: Neck muscles (Zucherman,1981) 
Muscle  Origin  Insertion  Action 
Anterior scalene Transverse process 
of 3rd-6th cervical 
vertebrae 
1st rib Fix 1st rib & 
Laterally rotate 
neck 
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Sternocleidomastoid Sternum/Clavicle Mastoid process 
of skull 
Turn head 
Middle scalene Transverse process 
of 2nd-7th cervical 
vertebrae 
1st rib Fix 1st rib & 
Laterally rotate 
neck 
Posterior scalene Transverse process 
of 4th-6th cervical 
vertebrae 
2nd rib Fix 2nd rib & 
Laterally rotate 
neck 
Omohyoid Superior border of 
scapula 
Hyoid bone Depress hyoid bone 
Sternohyoid Posterior surface of 
sternum 
Hyoid bone Depress hyoid bone 
Thyrohyoid Thyroid cartilage Hyoid bone Depress/stabilize 
hyoid bone 
Trapezius External occipital 
protuberance, 
spinous processes of 
Spine of scapula, 
Acromion, 
clavicle 
Elevation of 
scapula, Retraction 
of 
23 
 
 
 
7th cervical and all 
toracic vertebrae 
scapula, Rotation of 
glenoid cavity 
upward 
Levator scapulae 
 
transverse processes 
of C1-C4 vertebrae 
medial border of 
the scapula from 
the superior angle 
to the spine 
elevates the scapula 
2.9 Shoulder Anatomy 
The idea behind the inclusion of the shoulder anatomical description is to establish a 
logical bridge between the loads on the shoulder that will affect the neck. This effect will 
be executed by some of the muscles that are shared between the neck and the shoulder. 
2.9.1 Bones of the Shoulder 
The shoulder girdle consists of three bones: the clavicle, the humerus, and the scapula 
(Sawchuk, Padiak, & Barek, 2003). The humerus is a long bone approximately 20% of 
the total body height (Winter, 2005).  Woodburne (1983) described the proximal point of 
the humerus to be hemispherical and the distal point to be articulates with the forearm 
bones; ulna and the radius.  The structures of the humerus can be seen in Figure 8. 
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Figure 8 : The human  humerus (Sawchuk, Padiak, & Barek, 2003) 
 The clavicle is also classified as a long bone that has a slight S-curve. Its main function 
is to keep the upper limbs free and away from the body (Winter, 2004; Zucherman, 
1981). The structures of the clavicle can be seen in Figure 9. 
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Figure 9: The human clavicle (Sawchuk, Padiak, & Barek, 2003) 
The third bone is the scapula which is classified as a flat bone. The scapula is divided into 
two areas by the spine. The superior area is called supraspinous fossa and the inferior 
area is called infraspinous fossa. The function of the scapula is to provide an attaching 
surface to the muscles. (Sawchuk, Padiak, & Barek, 2003). The structures of the scapula 
can be seen in Figure 10. 
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Figure 10 : Anterior (left) and Posterior (right) View of Scapula (Sawchuk, Padiak, & 
Barek, 2003) 
2.9. 2 Muscles of the Shoulder  
The muscles of the shoulder are classified into two categories, intrinsic and extrinsic. 
Intrinsic muscles have an origin on the shoulder girdle, have an insertion point on the 
humerus, and act on the glenohumeral joint are considered intrinsic while those attached 
to the shoulder girdle and with their origins on the axial skeleton (skull, vertebral column, 
ribs, and sternum) are considered extrinsic (Jenkins, 2002). 
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Table 2: Shoulder muscles(Jenkins, 2002). 
Muscle Origin Insertion Action 
Sternocleidomastoid Sternocleidomastoid 
Sternum/Clavicle 
Mastoid process 
of skull 
Turn head 
Subclavius 1st rib Undersurface of 
clavicle 
Maintain SC joint 
Trapezius External occipital 
protuberance, 
spinous processes of 
7th cervical and all 
toracic vertebrae 
Spine of scapula, 
Acromion, 
clavicle 
Elevation of 
scapula, 
Retraction of 
scapula, Rotation 
of glenoid cavity 
upward 
Latissimus dorsi Spinous processes of 
lower 6 thoracic & 
all lumbar vertebrae 
Medial lip & floor 
of intertubercular 
groove of 
humerus 
Extension, 
adduction & 
medial rotation of 
arm 
Rhomboid major Spinous processes of 
2nd-5th thoracic 
vertebrae 
Medial border of 
scapula below 
rhomboid minor 
Elevate/retract 
scapula; 
downward 
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rotation of glenoid 
cavity 
Rhomboid minor Spinous processes of 
7th cervical & 1st 
thoracic vertebrae 
Medial border of 
scapula 
Elevate/retract 
scapula; 
downward 
rotation of glenoid 
cavity 
Serratus anterior Ribs 1-8 on 
anterolateral thoracic 
wall 
Medial border of 
scapula 
Protract scapula; 
upward rotation of 
glenoid cavity 
Levator scapulae 
 
transverse processes 
of C1-C4 vertebrae 
medial border of 
the scapula from 
the superior angle 
to the spine 
elevates the 
scapula 
 
2.10 Lumbar Spine Modeling Review 
2.10.1 Introduction 
The need to determine how external loads and activities affect the internal structure of the 
body required researchers to establish biomechanical models. Those models are meant to 
estimate the internal forces inside the muscles that must contract to counter and provide 
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force to conduct an activity or resist external moments.  Because the lumber spine and its 
musculature are a statically indeterminate bio-mechanical system, three methods are 
commonly used to solve the statically indeterminate problem. This is because there are 
more variables (muscle forces) than the governing equations. In order to overcome the 
indeterminate issue, three biomechanical approaches - optimization-based, EMG-based, 
and EMG assisted optimization are used in quantifying the load on the spine from muscle 
activity.  
A major weak point of the optimization model is that it generally does not predict co-
contraction of antagonist muscles ( Marras,1992)  The optimization model predicts 
muscles to be inactive in situations where significant electromyography (EMG) activity is 
observed (Schultz & Anderson, 1981). Bean, Chaffin, & Schultz (1988) proposed an 
advanced form of the optimization termed a double optimization technique (DOPT) but it 
also failed to predict antagonistic muscles forces. As a result, the predicted spinal loads 
are possibly underestimated.  On the other hand, the EMG-based approach relies on the 
EMG signals to calculate the muscle forces. McGill and Norman (1986) presented a 
lumbar model (EMG-based model) which relied on kinematic data and on 
electromyography signals to assign forces to muscles.  In the EMG-based technique 
muscles are grouped according to their locations. As a result, the muscles in one group 
are assumed to have an equal level of EMGs.  To compensate for the errors expected 
from the grouping, an adjustment of muscle activation is required after forces are 
acquired. The adjustment works by computing a common level of activation for all 
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muscles, Gain. This common activation level is required to find the least muscle forces to 
counter the external moments. The use of an EMG-based modeling approach enabled the 
computation of antagonistic muscle forces. McGill (1994) introduced a new approach 
termed ‘hybrid’ or EMG assisted optimization ( EMGAO). In this approach, McGill 
(1994) calculated muscle forces based on EMG signals and then use optimization to 
compute individual activation level of each muscle instead of a common activation level. 
Specifically, this hybrid approach provided physiologically based muscle recruitment 
patterns, as did the EMG-based method, and satisfied the exact fulfillment of moment 
constraints about three orthogonal joint axes, as did the optimization method (Cholewicki 
and McGill,1994). 
2.10.2 Double Optimization Method 
Bean, Chaffin, & Schultz (1988) proposed a procedure that involves formulating and 
solving two linear programs sequentially. First, they minimized the maximum muscle 
force intensity using the first linear program. And they determined the optimal muscle 
force intensity value, 𝐼∗, with this first linear program. Second, they solved the second 
linear program to minimize the sum of muscle forces using  𝐼∗ as the muscle force 
intensity limit. The first linear program determines the lowest muscle force intensity 
value which allows feasible solutions. Among these solutions, the second linear program 
chooses the solution to minimize spinal compressive force (bean et at., 1988).  𝐼∗ was 
constant for all muscles and all directions for each subject.  
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The procedure can be formulated as follows: let n be the number of muscles modeled, 
𝑟𝑖𝑗the component of the moment arm of muscle 𝑗 about axis 𝑖, 𝑀𝑖 the component of the 
external moment about axis 𝑖, and 𝑎𝑖 the cross-sectional area of the muscle 𝑗. These are 
the known parameters of this problem. The unknowns are the muscle forces, 𝑓𝑖 for 
muscle 𝑗, and the maximum muscle force intensity, 𝐼. The problem is: 
Minimize 𝐼 
Subject to 
                                  ∑ 𝑟𝑖𝑗𝑓𝑖
𝑛
𝑗=1 =  𝑀𝑖            𝑖 = 1,2,3 
                                                
𝑓𝑗
𝑎𝑗
⁄  ≤ 𝐼                       𝑗 =1,2,………..,n 
                                                  𝑓𝑗 ≥ 0                       𝑗 =1,2,………..,n 
In the second linear program, we minimize the sum of muscle contraction forces, given a 
fixed maximum intensity. 
Minimize ∑ 𝑓𝑗
𝑛
𝑗=1  
Subject to 
∑ 𝑟𝑖𝑗𝑓𝑗 =  𝑀𝑖
𝑛
𝑗=1    𝑖 = 1,2,3 
                                         
𝑓𝑗
𝑎𝑗
⁄  ≤ 𝐼∗                       𝑗 =1,2,………..,n 
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                                          𝑓𝑗 ≥ 0                               𝑗 =1,2,………..,n 
Where 𝐼∗ is now considered fixed, and only the 𝑓𝑗 are the unknowns ( Bean et al., 1988). 
2.10.3 EMG-Based Method 
Muscle forces were assumed to have a power relationship with the mean rectified EMG 
signal expressed as a fraction of maximum voluntary contraction (MVC) based on the 
data of Stokes, Rush, Moffriod, Johnson, and Haugh (1987). Cholewicki, McGill, and 
Norman (1995) also supported this nonlinear relationship from their experiment.  
                                              𝑓𝑖 = (
𝑒𝑚𝑔
𝑀𝑉𝐶
)
1
1.3⁄   𝑎𝑖 𝛿𝑚𝑎𝑥   ……………………………(4) 
Where 𝑓𝑖 is the ith muscle force (N);  𝑎𝑖 is the ith muscle cross-sectional area (𝑚
2); 
𝛿𝑚𝑎𝑥    is the maximum muscle force generated per unit of cross-sectional area (3.5 𝑥 10
4 
N-𝑚2); 
𝑒𝑚𝑔
𝑀𝑉𝐶
 is the muscle activation level expressed as a fraction of its maximum 
electromyography activity (Cholewicki et al., 1995).  
A common gain for all muscle EMG signals is calculated using least square method 
fitting the d=model predictions and measured moments.  
𝑀𝑒𝑚𝑔𝑥 =  ∑(𝑟𝑦𝑖 𝑓𝑧𝑖 − 𝑟𝑧𝑖𝑓𝑦𝑖)
𝑛
𝑖=1
 
𝑀𝑒𝑚𝑔𝑦 =  ∑(𝑟𝑧𝑖 𝑓𝑥𝑖 − 𝑟𝑥𝑖𝑓𝑧𝑖)
𝑛
𝑖=1
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𝑀𝑒𝑚𝑔𝑧 =  ∑(𝑟𝑥𝑖 𝑓𝑦𝑖 − 𝑟𝑦𝑖𝑓𝑥𝑖)
𝑛
𝑖=1
 
∑ (𝐺𝑀𝑒𝑚𝑔𝑘 − 𝑀𝑘)
2
𝑘=𝑥,𝑦,𝑧
= 𝑚𝑖𝑛 
n=number of muscles involved in the model 
Where 𝑀𝑥, 𝑀𝑦, 𝑀𝑧  are total moments necessary to balance moments acting on the joint 
about x, y and z axes; G is common gain; 𝑓𝑥𝑖 , 𝑓𝑦𝑖, 𝑓𝑧𝑖 are estimated individual muscle 
forces in the x, y, and z joint axes directions, respectively;  𝑟𝑥𝑖 , 𝑟𝑦𝑖 , 𝑟𝑧𝑖  are muscle 
moment arms with  respect to the x, y and z joint axes; 𝑀𝑒𝑚𝑔𝑥     ,  𝑀𝑒𝑚𝑔𝑦     , 𝑀𝑒𝑚𝑔𝑧 are 
the total muscle moment estimated from EMG acting on the joint x,y and z axes. The 
common gain, G, is introduced to compensate for overall systematic errors in the initial 
assessment of muscle forces ( Gholewicki et at.,1995). 
2.10.4 EMG Assisted Optimization Method 
The EMG assisted optimization method ( Cholewicki & McGill, 1994) uses the muscle 
forces obtained from the EMG-based model. An objective function is formed to balance 
all three moments acting about the joint by applying the least possible adjustment to 
individual muscle forces. This process is implemented by altering the individual muscle 
gains. This can be formulated as follows: 
∑ 𝑀𝑖(1 − 𝑔𝑖)
2 = 𝑚𝑖𝑛 
𝑛
𝑖=1
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𝑀𝑖 =  √𝑀2𝑥𝑖+  𝑀2𝑦𝑖 +  𝑀2𝑧𝑖  
Subject to  
∑ 𝑔𝑖𝑀𝑥𝑖    =  𝑀𝑥
𝑛
1
 
∑ 𝑔𝑖𝑀𝑦𝑖    =  𝑀𝑦
𝑛
1
 
∑ 𝑔𝑖𝑀𝑧𝑖    =  𝑀𝑧
𝑛
1
 
𝑔𝑖 ≥ 0     , 𝑖  = 1,2,…… n 
Where n is the number of muscles crossing a given joint; 𝑔𝑖 is the individual muscle gain; 
𝑀𝑖 is the estimated moment which the ith muscle produces about the joint center of 
rotation (geometric sum of 𝑀𝑥𝑖   , 𝑀𝑦𝑖   , 𝑀𝑧𝑖   ); 𝑀𝑥𝑖   , 𝑀𝑦𝑖   ,and  𝑀𝑧𝑖   are the estimated 
individual muscle moments about x,y, and z joint axes, respectively. The nonlinear 
approach forces the required gain adjustments on all muscles.  
2.11 Cervical Spine Modeling Literature Review 
A few researchers have developed biomechanical models of the cervical spine to 
calculate the internal forces exerted by muscles on the anatomical structures or joints. 
Three techniques are used in quantifying the load on the spine from muscle activity: 
optimization-based methods, EMG-based methods, and EMG assisted optimization.  
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Optimization based methods are as follows. Since there is an indeterminate problem 
when trying to calculate internal muscles forces that must counter external moment, 
optimization technique is used to find the optimum solution under two main assumptions, 
minimizing the maximum intensity in the muscles and minimizing the sum of  internal 
muscle forces. The objective function of the optimization can be either linear (Bean, 
Chaffin, and Schultz, 1988; Moroney, Miller and Schultz, 1986; Schultz and Andersson, 
1981) or nonlinear (Cholewicki and McGill, 1994). The model developed by Moroney et 
al, (1988) is the most popular in this technique for the cervical spine. This model used 14 
bilateral pairs of muscles, an orthogonal coordinate system originating at the C4/C5 level 
and a double optimization technique to estimate the muscle contraction forces and spinal 
compressive forces for the model. The first optimization is employed to minimize the 
maximum intensity and the second linear optimization, which uses the value of the 
maximum intensity to minimize the muscle forces from the first optimization, is used to 
pick the optimal solution from multiple solutions by minimizing the summation of 
muscle forces.  
EMG-based method uses a direct way in calculating the internal muscle force. It uses 
normalized EMG to the maximum voluntary contraction (MVC) to predict muscle forces 
through the use of formulas connecting normalized EMGs to muscle force (Ashton-
Miller et al., 1990; Queisser et al., 1994; Sjogaard, 1986; Stokes et al., 1987; Vink, van 
der Velde and Vanderbout, 1987,Choi and Vanderby, 1999; Harms-Ringdahl et al., 1986; 
Schuldt and Harms- Ringdahl, 1988). Once all forces involved are calculated, an 
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optimization is applied to calculate a ‘common gain’. The common gain compensates for 
the error term associated with the first estimation of the forces (Marras, 1991).  While the 
adjustment technique has proven effective in the lumbar modeling where the external 
moment always exists, it has problems when used in the neck. In fact, the computations 
of common and individual activation levels require the use of minimizing function that 
calculates the least amount of muscle forces with respect to an external moment. Since 
the external moment acting on the neck, which is inflicted by the head’s mass only, is 
very small, the adjustment technique will drive all force estimation to zero.  
Cholewicki and McGill (1994) attempted to combine the different modeling techniques. 
In this model Cholewicki and McGill (1994) combined the moment constraints about 
three orthogonal axes of the optimization models with the muscle recruitment patterns of 
the EMG methods. Cholewicki and McGill (1994) used a nonlinear objective function to 
adjust individual muscle forces to the lowest value that would counter moments about the 
three axes. In this model muscle forces are obtained by the EMG-based model.  
Each method of modeling comes with its advantages and disadvantages. Many 
researchers found that using the optimization technique in studying the lower back fails 
to predict activity of antagonistic muscles while EMG data reveals them to be active 
(Ladin, Murthy, & Deluca, 1989; Pedersen, Brand, Cheng, & Arora, 1987; Schultz & 
Andersson, 1981).  Choi and Vanderby (1999) compared the three methods for the 
cervical spine. Choi and Vanderby (1999) confirmed that the optimization technique fails 
in predicting antagonistic co-contraction activities when the EMG-based model showed 
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those muscles to be active. Choi and Vanderby (1999) concluded that the muscle forces 
predicted by the optimization technique are lower than the EMG-based model. On the 
other hand EMG-based models also have their disadvantages. Surface electromyography 
is limited collecting EMGs from superficial muscles while the EMG-based model 
requires EMGs for all muscles involved. In regions like the neck, the use of invasive 
electrodes to collect EMGs is not always permissible. In addition, cross-talk between 
muscles makes collecting EMGs from small muscles impossible when using surface 
electrodes (Basmajian and DeLuca, 1985). Acquiring maximum voluntary contraction 
(MVC) also imposes difficulties since people tend not to exert their maximum 
contraction ( Marras, 1995).  
While these methods, developed from earlier lumbar modeling techniques, have proven 
effective in compressive force estimation, they estimate the muscle forces that are 
required in countering an external moment created on the head by experimental protocol. 
Those techniques do not account for the contribution of other loads such as the hand 
loads on the compressive forces at the cervical spine. 
Interestingly, none of those models take into account the contributions of hand activities 
despite the fact that the use of the hand activates neck muscles. The failure of the 
inclusion of the effect of hand usage may indicate a serious omission in neck 
biomechanics. But the optimization model has the advantage of being relatively easier to 
apply and in providing a good minimum estimate of the forces.  
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2.12 Moroney Model 
In the original Moroney et al. (1988) model, fourteen (14) bilateral pairs of muscles were 
modeled.  Moroney et al. (1988) model uses scaled drawings of the cross section of the 
neck at the C4/C5 disc. Data from Eycleshymer and Schoemaker (1911) were used to 
acquire cross sectional area, lines of action, centroids, and moment arms of the neck 
musculature at C4/C5. To account for physiologic variability all values were calculated 
relative to the neck posterior-anterior and lateral diameters. A three-dimensional 
orthogonal coordinate system is used for all moment calculations. The axes are positive 
to the left, posterior, and the superior. In a static equilibrium condition, there are three 
force equations, representing the X, Y, and Z forces as well as three moment equations 
representing moments about the three corresponding axes. Internal muscles forces must 
encounter the external moment and forces imposed by the mass of the head  in all three 
directions at the C4/C5 disc level. To calculate the muscle forces the indeterminate 
problem must be solved. Moroney et al. (1998) uses a double linear optimization 
technique employed by Bean, Chaffin and Schultz (1988) to estimate these forces for the 
lower back.The use of double linear optimization technique provides more sensitivity to 
each constraint, thus allowing the determination of a change in spinal compression based 
on a unit change in the external load (Bean, Chaffin, and Schultz,1988). 
The first optimization is aimed at minimizing the muscle contraction intensity that is 
necessary in maintaining the static balance. The second linear optimization uses the 
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intensity value found from the first optimization as the upper bound aimed at finding the 
lowest possible values of muscles forces that maintain the static equilibrium. 
The double optimization method involves two linear programs consecutively. The 
objective function of the first optimization is formulated to minimize the maximum 
muscle force intensity (I). The first linear results in determining the optimal muscle force 
intensity as a value of all muscles ( 𝐼∗). The value ( 𝐼∗) is used in the second linear 
optimization to minimize the sum of muscle forces. Moreover, the first optimization finds 
the lowest value of muscle force intensity that allows for multiple solutions. One of those 
solutions will be chosen by the second linear program.  
 
First linear program: 
Objective function: minimize I 
 
Subject to  
∑ 𝑟𝑖𝑗𝑓𝑗 = 𝑀𝑖     𝑖 = 1,23 & 𝑗 = 1,2, … … 𝑛
𝑛
𝑗=1
 
𝑓𝑗
𝑎𝑗
≤ 𝐼       𝑗 = 1,2, … . , 𝑛 
𝑓𝑗 ≥ 0   𝑗 = 1,2, … . . 𝑛 
 
The second linear program where 𝐼∗a fixed value is now.  
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Objective function: minimized   
∑ 𝑓𝑗
𝑛
𝑗=1
 
Subjected to: 
∑ 𝑟𝑖𝑗𝑓𝑗 = 𝑀𝑖     𝑖 = 1,23 & 𝑗 = 1,2, … … 𝑛
𝑛
𝑗=1
 
𝑓𝑗
𝑎𝑗
≤ 𝐼∗       𝑗 = 1,2, … . , 𝑛 
𝑓𝑗 ≥ 0   𝑗 = 1,2, … . . 𝑛 
 
Where n is the number of muscles modeled ( 28 muscles), 𝑟𝑖𝑗 is the moment arm of 
muscle j about axis i, 𝑀𝑖 is the moment around the axis i, 𝑎𝑗 the cross-sectional area of 
the muscle j. 𝑓𝑗 and 𝐼
∗ are unknown. The constraints allow for moment equilibrium, the 
contraction of each individual muscle not being greater than the total intensity, and that 
all forces generated be positive (Moroney et al, 1998; Bean, Chaffin, and Schultz, 1988; 
Choi and Vanderby, 1999). 
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CHAPTER 3: STATEMENT OF THE PROBLEM 
3.1 Historical Perspective  
While the adjustment technique has been effective in the lumbar modeling where the 
external moment always exists, it has problems when used in the neck. The computations 
of common and individual activation levels require the use of minimizing function that 
calculates the least amount of muscle forces with respect to an external moment. Since 
the external moment acting on the neck, which is caused by the head’s mass only, is very 
small, the adjustment technique will drive all force estimation to zero. Woldstad and 
Nicolalde (2001) found that the EMG levels of muscles above the C7  increase 
substantially as hand loads increase. Since EMGs reflect the force level in the muscles, it 
was theorized that hand loads contribute to compressive forces acting on the cervical 
spine.  
3.2 Summary  
 
The findings of Woldstad and Nicolalde (2001) have driven the need to build a 
comprehensive biomechanical model to evaluate the contribution of hand loads to neck 
and/or cervical spine disorders. A direct link of the moment generated by hand loads to 
be included in other moments acting on the cervical spine is kinematically impossible.  
Therefore, Woldstad and Hayes (2003) used a shoulder model as a connecting point.  In 
this work, Woldstad and Hayes (2003) used the Chalmers shoulder model to link hand 
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loads to compressive forces on the cervical spine. The inputs to their model include hand 
load, neck moment, subject anthropometry, and the outputs are the estimated C4/C5 
intervertebral joint compressive forces. Mainly, the force estimations of the Chalmers 
shoulder model of the shared muscles between the neck and shoulder 
(sternocleidomastoid, trapezius, levator scapulae) were used as the lower bounds of the 
Optimization technique developed by Moroney et al., (1988). By applying this model, 
Woldstad and Hayes ( 2003) found that the inclusion of hand loads increases the 
compressive forces 88%. Which results in almost the EMG-based models results.  
In the original double optimization the first linear program finds the minimum  maximum 
intensity based on the condition that geometric  external moments must be encountered 
by the  geometric internal moments, which generated by muscles’ forces. This condition 
is satisfied under the stipulation that the forces of muscles are equal or greater than zero. 
Once the first program picks multiple optima, the second linear program starts working to 
minimize the summation of forces under the condition, in addition to the conditions of 
the first linear program, of minimum intensity found from the first linear program. 
Therefore, the second linear program finds the optimum of those optima that satisfies all 
the conditions.  
By adjusting the condition that some muscle forces cannot be zero and must be a specific 
value, the first linear program will have to find the minimum intensity that ONLY  satisfy 
the condition that some forces are known. Then, the second linear program must also find 
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the optimum solution from these optima that only minimize the summation of forces with 
the fact that some forces are known.   
The idea of specifying a few muscle forces instead of all the muscles involved has a huge 
effect on the applicability and the cost of the model.  In this method providing at least one 
measured value of muscle forces to double optimization model results in an estimate 
almost as accurate as when all muscles forces are estimated by the EMGs as the case in 
the EMG-based model. And the work done by Woldstad and Hayes (2003) has proven 
this method. 
Pickens (2008) used the EMGs to measure the accuracy of the Chalmers shoulder model 
used as a connection. Pickens ( 2008)  attempted to validate the accuracy of the Chalmers 
shoulder model by comparing  the output of the Chalmers shoulder model of lifting 
luggage by Transportation Security Administration (TSA) baggage screeners  to the 
EMG activities of four muscles shared between the neck and the shoulder 
(sternocleidomastoid, trapezius, levator scapulae, and splenius).  In their findings, 
Pickens (2008) found a ‘significant difference’ between the Chalmers shoulder model 
output of those muscles and the actual EMG activities.  
The work done previously by Woldstad and Nicolalde (2001), Woldstad and Hayes 
(2003)  and Pickens (2008) has created the need to conduct this research to establish a 
new pathway in mapping the relationship between hand loads and compressive forces 
acting on the cervical spine. That is the aim of this study - to build a direct link that 
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connects the contribution of hand loads to the muscle activation in the shared 
musculature between the neck and the shoulder.  
This connection was achieved by using the electromyography (EMG) of the shared 
muscles between the shoulder and the neck as mediators.  Specifically, this study adopted 
an approach that attempted to directly connect hand load and arm postures to the EMG 
activities of shared muscles between the shoulder and the neck through empirical-
statistical based modeling. The EMG values of three shared muscles 
(sternocleidomastoid, the upper trapezius, and levator scapula) and their counterpart on 
the opposite side (antagonistic). The choice of those was built on their functional and 
anatomical arrangement. The sternocleidomastoid, trapezius, and levator scapulae are 
major muscles in the neck. Close anatomical examination reveals that those muscles 
connect the cervical spine and the skull to the shoulder and their function appears to be 
that of stabilizing the shoulder joint when it is subjected to loads. The anatomical 
arrangement and function justify that the forces in those muscles may contribute to the 
compressive forces acting on the cervical spine.   
The empirical equations of the muscle activation and forces can be used in building a 
biomechanical model to estimate the compressive forces on the cervical spine in a direct 
way or in enhancing the accuracy of the double optimization model.  
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3.3 Hypotheses  
The test hypotheses for this study are the following: 
1- Using ANOVA analysis to test the effect of hand loads, reach distance, height, 
distribution angles, and gender on the Electromyography activities of the shared 
muscles between the cervical spine and the shoulder joint. 
2- Utilizing multiple regression analysis to test whether the Normalized EMGs 
activities of the shared muscles can be predicted based on hand loads, arm 
posture, and anthropometric data.   
3- Simple regression analysis will test if the normalized EMGs in the shared muscles 
increase as hand loads increase    
4- Simple linear regression is to be used to test if the normalized EMGs of the 
antagonistic co-contraction muscles are a function of their active counterpart.  
5- The shared muscles contraction is the main cause of the compressive forces on the 
cervical spine at C4/C5 when the hand is used. Moment balance will be used to 
test this hypothesis.  
The biomechanical models discussed above have the capability of predicting the forces 
rather accurately, however, they are difficult to apply and their use for the cervical spine 
is very limited. Therefore, in the event that the  null of hypothesis number five was not 
rejected, a simple and much easier to apply model will be constructed.  
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CHAPTER 4: MATERIALS AND METHOD 
4.1 Overview  
In an effort to model the activities of the shared muscles that could be used to estimate  
the forces on the cervical spine as a result of hand loads, height, distance, angles, and 
gender, this study attempts to measure the EMGs corresponding to the interaction of 
these factors. A Tringo EMGs Delsys system  (Delays Inc., Natick MA, USA)was used to 
collect the EMGs signal and to collect MVC that was used for normalization. Since 
modeling these activities required capturing the arm posture associated with each lifting, 
eight Opti-Track high sensitive motion capture cameras were used. Both systems were 
synchronized using a custom made external trigger. To include gender as a factor, five 
males and five females participated in the study. Custom made weights were used in the 
study ranging from 1 to 3 Kg.  Participants followed a designed procedure, explained 
later,  to conduct the experiment for approximately 3-4 hours. To eliminate the effect of 
daily physiological variations the experiment was conducted in one session with a rest 
time available upon request. Experimental design, materials, and data processing are 
explained in details in the following sections.  
4.2 Subjects 
A total of five (5) females and five (5) males participated in this research and gave their 
informed consent to the procedure, which was approved by the University of Nebraska-
Lincoln Institutional Review Board # 20140213369EP. The mean height of the subjects 
was 170.8 (SD 6.01) cm, body mass 69.68 (SD 10.57) kg and age 29 y/o (SD 4.96) y. All 
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subjects were right handed and were screened for health history and were accepted only if 
they were without history of back, neck, shoulder, arm, wrist, and hand pathology. 
Data collection periods lasted approximately 3-4 hours. The experimental period was 
divided such that : ¼ hour was allocated to the explanation of data collection procedures, 
¼ hour for screening/permission, ½ hour for electrode placement and verification, ½ hour 
for conducting the Maximum Voluntary Contractions (MVC) exercise, and 1½ hour for 
collecting lifting data of 100 trials. All subjects were compensated for their participation 
($10 /hr). 
 
4.3 Experimental Design  
This study used dynamic contractions that are approximated to the isometric condition 
involving the use of just the right arm in a sitting posture under normal and comfortable 
sitting posture with the neck and trunk held in a neutral upright position. 
4.3.1 ANOVA 
The experimental design of this research was intended to test the effect of five 
independent factors with their two way interactions: force (hand loads), location (height, 
distance, and angle of Orientation), gender.  Those independent variables will be tested 
against the dependent variables which are the normalized electromyography in the three 
shared muscles between the cervical spine and the shoulder, the right upper trapezious, 
the the right sternocleidomastoid, and right levator scapulae  Table 3 shows the variables 
included. 
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Table 3 :Independent variables included in the Analysis of Variance 
variable Levels 
Gender 2 
Height 2 
Reach Distance 2 
Loads 5 
Angle of Orientation  5 
 
The recommended guidelines for a seated worker were be followed (Ayoub, 1973; 
Grandjean, 1988). Thus, the design is five factorial. The subject lifted five different 
weights (1, 1.5, 2, 2.5, and 3) kg from 20 different locations (Figure 11-12-13). Those 
locations were the production of the interaction of 2 heights, 2 reach distance, and five 
angles. Therefore, five of those locations were at the elbow height and the edge of the 
normal reach distance. Five locations were at the elbow height and the edge of the 
maximum reach distance. Five locations are at the shoulder height and the edge of the 
normal reach distance. Five locations are at the shoulder height and the edge of the 
maximum reach distance. Both the normal and maximum reach distance proposed by 
Barnes (Barnes, 1963) were determined based on the subject anthropometric data. Angles 
were measured from the edge of the work surface as: 0, 22.5, 45, 67.5 and 90 degrees.  
Thus, such a design was (5 x 2 x 2 x 5 x 2) a split plot design with the 5 loads, 2 heights, 
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2 distances, 5 angles of Orientation, and gender with subject nested under gender.   In 
total, there were 100 combinations for each subject. Six muscles were studied for each 
subject: the right sternocleidomastoid, right levator scapulae, right upper trapezius and 
the left counterparts of those muscles.  
This study was limited to the use of the right hand. The use of the right hand only in 
lifting activities was intended to provide a possibility of studying the antagonistic co-
contraction. In other words, limiting the use to just the right hand made the measurement 
of the active and antagonistic co-contraction for the same muscle possible. 
For the statistical analysis of the data, repeated measure ANOVA tests were performed 
on the data in Minitab 17. First, a five-way ANOVA with all possible two ways of 
interactions was used for analysis (α = .05) to test the effect of  the independent factors 
,gender, height, reach distance, angle, and hand load with subject nested under gender   
on the dependent factor ( the activation levels of the active muscles). The active muscles 
were the right sternocleidomastoid, the right levator scapulae, and the right upper 
trapezius.  
𝑌𝑖 =  𝜇 + 𝑊 + 𝐻 + 𝐷 + 𝐴 + 𝐺 + 𝑆 (𝐺) + ( 𝑡𝑤𝑜 𝑤𝑎𝑦 𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ) + 𝜀 
𝑌𝑖 = Measured Normalized EMGs (activation level) in each muscle 
𝜇 = Overall mean 
H= Height (cm) 
W= Weight (mass) (kg) 
D= Distance (cm) 
A= Angle of Orientation (degrees) 
G= Gender 
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S(G) =Subject nested under gender 
𝜀 = Error  
 
 
Figure 11: View of the distribution of loads. 
  
(a) (b) 
Figure 12: Illustration of the lifting activities; (a) at elbow height,(b) at  shoulder height 
 
 Figure 13 : Participants performing lifting activities 
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4.3.2 REGRESSION 
Multiple regression analysis was performed on the normalized electromyography of the 
active muscles. The dependent variables were the NEMGs in the three active muscles the 
right upper trapezius, the right sternocleidomastoid, and the right levator scapula. While 
the independent variables included in the multiple regression are presented in Table 4. 
The set of these independent variables were chosen to replace the factors. Due to the 
multiple degrees of freedom of the arm, there are many possible ways to reach a 
particular location. Therefore, the arm posture was represented by the variables in Table 
5 and Figure 14. Those variables were acquired by the Motion Capture System.   All 
possible ways of interactions were included and a Stepwise at alpha of 0.05 was applied.  
The test was intended to discover models that connect hand posture, hand loads, 
anthropometric and demography data to the level of activation on the three active 
muscles considered. However, Stepwise was used to determine the lowest number of 
independent variables to the best in producing R Square. In addition , the relations 
between the active and the co-contraction contraction were tests using simple and 
multiple regression with the dependent variables being the activation levels in the co-
contraction muscles and independent variables were the activation levels in the active 
counterpart muscles and their mathematical offshoots, including square root, square, 
cubic, log .  
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The multiple regression models is: 
𝑌𝑇,𝑆,𝐿 = 𝐵1𝑈𝐴𝐴𝐴 + 𝐵2𝑈𝐴𝑃𝐴 + 𝐵3𝐸𝐴 + 𝐵4𝑁𝐿𝐹 + 𝐵4𝑁𝑃𝐴𝐹 + 𝐵5𝑈𝐴𝐿 + 𝐵6𝐿𝐴𝐿 + 𝐵7𝑆𝑁𝐷
+ 𝐵8𝑁𝐿 + 𝐵9𝑁𝑀𝐿𝐷 + 𝐵10 𝑁𝑃𝐴𝐷 + 𝐵11𝐻 + 𝐵12𝑊 + 𝜀 
𝑌𝑇,𝑆,𝐿𝑖 = Measured Normalized EMGs (activation level) in each active muscle (upper 
trapezius, sternocleidomastoid, and the levator scapula. 
𝑈𝐴𝐴𝐴 = Upper arm Abduction-Adduction (degrees) 
𝑈𝐴𝑃𝐴 = Upper Arm Posterior –Anterior Flexion (degrees) 
𝐸𝐴 = Elbow Angle (degrees) 
𝑁𝐿𝐹 = Neck Lateral Flexion (degrees) 
𝑁𝑃𝐴𝐹 = Neck Posterior-Anterior Flexion (degrees) 
𝑈𝐴𝐿 = Upper arm Length (cm) 
𝐿𝐴𝐿 = Lower arm Length (cm) 
𝑆𝑁𝐷 = Shoulder to Neck Distance (cm) 
𝑁𝐿 = Neck Length (cm) 
𝑁𝑀𝐿𝐷 = Neck medial later diameter (cm) 
𝑁𝑃𝐴𝐷 = Neck Posterior Anterior diameter (cm) 
𝐻 = Height (cm) 
𝑊 = Weight (kg) 
𝜀 = Error 
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Table 4 :Independent Variables included in the multiple regression. 
Upper arm Abduction-Adduction  
Upper Arm Posterior –Anterior Flexion 
Elbow Angle 
Loads 
Neck Lateral Flexion 
Neck Posterior-Anterior Flexion 
Upper arm Length 
Lower arm Length 
Shoulder to Neck Distance 
Neck Length 
Neck medial later diameter 
Neck Posterior Anterior diameter 
Height 
Body Weight 
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Table 5:Arm Posture Variables 
Upper arm Abduction-Adduction Movement 
Upper Arm Posterior –Anterior Flexion 
Elbow Angle 
Upper Arm Angular movement  
 
 
 
  
 
Figure 14: posture data 
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4.4 Materials: 
 
4.4.2 Equipment  
The equipment used for the data collection include (1) an electromyography (EMG) 
system, (2) Motion Capture System, and (5) weights. Discussion of this follows: 
4.4.3 Electromyography (EMG) System  
In this study, the EMG data was acquired using a Trigno wireless EMG system (Delsys 
Inc., Natick MA, USA). The system consists of Trigno Personal Monitor (TPM) capable 
of accepting EMG data from sixteen sensors (Figure 15). TPM can be used in either of two 
modes: Data logging Mode (DL), and Real Time Signal Acquisition Mode (SA). In DL 
mode, the mobile unit collects data from EMG sensors and stores these data in on-board 
memory (16 GB). In SA mode, the mobile unit is connected to a computer via USB port, 
and sensor data are transmitted in real-time into EMGworks® for viewing and analysis. 
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Figure 15: EMG wireless system (www.delsys.com) 
The surface electrodes used were wirelessly connected to the TPM, measured 37mm x 
26mm x 15mm, and weighed 14 gram (Delays Inc., Natick MA, USA). The surface 
electrodes were differential.  Differential surface electrodes are essentially bipolar 
electrodes. They detect the electrical action potential of the muscle in two places and 
subtract the two detected potentials.  This differential arrangement allows for the 
elimination of signal interference or noise from the electromagnetic fields generated by 
power cords or electrical devices as well as any “common mode” components in the 
signals (Basmajian and De Luca, 1985; NIOSH 1992). Explanations of the placement of 
EMGs electrodes are in section 4.5.2.2 . 
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4.4.4 Motion Capture System  
Eight Opti-track Natural point made S250e cameras (Figure 16) were positioned around 
the experimental area to form a cuboid volume. 
 
Figure 16: Motion capture camera setup 
Four of the cameras were placed on top of the tripod in a landscape format, while the 
bottom four cameras were positioned in the portrait format. After positioning the eight 
cameras, Ethernet cables were used to connect the cameras to their respective opti-hubs. 
These opti-hubs were then connected to the motion capture dedicated workstation. These 
eight cameras were used to record segmental kinematic data of the foot, heel, ankle, knee, 
hip, shoulder, elbow, wrist, hand, and head. 
The cameras can deliver images at 420 frames per second at precision mode. The 
precision mode delivers the grayscale information of the tracker position in order to be 
able in the software to identify the tracker position at higher precision. A tight fitting 
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black motion capture suit made of velcro material is used to attach spherical retro- 
reflective markers that can be identified by the cameras. These markers are placed on the 
body suit in a configuration that is defined by the software. The location of the markers 
can be found in Table 6 and seen in Figure 16. 
Table 6 : Reflective markers per body segment 
Body Segment No.of Markers 
Foot 2 
Lower Leg (Shin) 3 
Upper Leg (Thigh) 3 
Hip 4 
Torso Back 3 
Upper Arm 3 
Lower Arm 3 
Head 3 
59 
 
 
 
        
Figure 17 : Reflective Marker and electrode Placement 
The cameras are positioned such that at least two cameras have to see a marker in order 
for the software to be able to estimate the 3D location of that marker. 
The software of the camera system is the Motive system which supports two default 
skeletons. One can track 34 markers and the other can track 39 markers. The length of the 
skeletal segments has to be adjusted to closely approximate those of the person to be 
tracked. This is achieved in a completely automatic way by the software, but can be 
refined manually if required. The mathematical description of the rigid body segment can 
be set up based on the marker position, and further kinetic analysis can be conducted. In 
addition, the streaming motion data can be used in extracting joint needed through the use 
of a custom MATLAB (Maathworks, inc, Nattic, MA) program. 
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4.4.5 Weights  
Five identical glass jars filled with lead were used as weights.  The weights were 1, 1.5, 2, 
2.5, and 3 kilograms respectively. To avoid any psychological and physiological effects, 
the weights were painted to not indicate the amount of lead inside. 
 
4.5 Data  
The electromyography and associated arm posture of each lifting were recorded using the 
EMG system and the Motion system respectively. The demographic data and 
anthropometric measurements were acquired prior to the experiment.  
 
4.5.1 Demographics anthropometry  
Demographics data and anthropometric measurements were collected prior to the 
commencement of the experiments. Demographics data included height, weight, and 
gender. Anthropometric measurements encompassed the anterior-posterior neck diameter 
at approximately C4-C5, the lateral-medial neck diameter at approximately C4-C5, the 
neck length measured from the bottom of the neck to the skull, the distance from the 
wrist to the elbow, and the distance from the elbow to the shoulder joint. Table 7 & 8 
summarize the anthropometric and the demographic data for male and female 
respectively.  
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Table 7 :Male anthropometric and the demographic data 
 
Variable                                       Mean   StDev   Range 
Upper arm length cm                           31.600   1.242   3.500 
Lower Arm Length cm                           26.700   0.749   2.000 
Shoulder to Neck cm                           14.140   1.686   4.300 
Neck length cm                                8.6000  0.4904  1.0000 
Neck  Medial-Lateral Diameter cm             11.720   1.051   3.100 
Neck posterior-anterior Diameter cm          12.420   1.254   3.200 
Height cm                                     173.80    4.63   13.00 
Body Weight Kg                                73.200  12.002  31.000 
 
Table 8 :Female anthropometric and the demographic data 
 
Variable                                      Mean   StDev   Range 
Upper arm length cm                          31.969   1.731   5.000 
Lower Arm Length cm                          25.134   1.300   3.700 
Shoulder to Neck cm                          12.614   0.894   3.000 
Neck length cm                               9.7004  0.9901  2.8000 
Neck  Medial-Lateral Diameter  cm            10.905   0.922   2.000 
Neck posterior-anterior Diameter cm          11.472   0.874   2.200 
Height cm                                    169.43    5.51   16.00 
Body Weight Kg                               65.829   7.682  17.000 
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4.5.2 EMG Data  
Six surface EMG electrodes were employed on each subject. Three electrodes were 
placed on the right sternocleidomastoid, levator scapulae, and upper trapezius muscles 
and the other three were placed on the same muscles on the left side. The location of 
electrodes of those muscles followed the recommendation by NIOSH (1992).   
4.5.2.1 Skin Preparation  
In order to acquire reliable EMG signals the electrodes were placed on a clean skin. To 
enhance signal detection, improve adhesion and avoid signal impendence it is common 
for preparing the skin to remove hair, sweat, and the use of light alcohol to clean the area 
and to get rid of dead skin (Basmajian and DeLuca, 1985). Therefore, for male subjects 
the area was shaved and cleaned. The area of electrode placement was cleaned in 
females. 
4.5.2.2 Electrode Placement 
The best location of electrode placement is where all the end plates of the motor neuron 
are located. This is called the innervation zone. Thus, it is important to place the electrode 
at the muscle belly where optimal signal transmission occurs with minimal cross talk. 
Basmajian and DeLuca (1985) stated that the best location is “halfway between the center 
of the innervation zone and the further tendon.” A text by NIOSH (1992) indicates that 
because of the limited descriptions in scientific texts for electrode placement, it is a 
widely accepted technique to place the electrodes on the “best anatomical position.” 
Table 9 and the following sections summarize the location on the muscles considered. 
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Table 9 :Electrode placement of Sternocleidomastoid, Levator Scapulae, Upper Trapezius 
(NIOSH, 1992). 
Muscle Electrode Placement 
Sternocleidomastoid The upper third of the distance between 
the clavicle and the temporal bone 
Levator Scapulae Between the anterior margin of the 
middle trapezius and the posterior margin of 
the SCM 
Upper Trapezius The anterolateral margin of the muscle 
 
4.5.2.3 Electrode Placement for Upper Trapezius Muscle  
The upper or cervical trapezius muscle originates in the external occipital protuberance, 
medial 1/3 of the superior nuchal line, ligamentum nuchae and spinous process of the 7th 
cervical vertebra and inserts in the lateral 1/3 of the clavicle and acromion process 
(Nimbarte, 2009). 
It was shown that the EMG stabilizes when electrodes are placed about 10 mm from the 
‘dip’ in either direction. (Jensen, 1993; Veiersted, 1993, Mathiassen,1995). Farina et al. 
(2002) showed that the innervation zone of the upper trapezius muscle is about 52% of 
the distance between the acromion and C7 and recommended that 25 mm lateral distance 
from the mid-point between the acromion and C7 is a good location. NIOSH (1992) 
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described that the location of the upper trapezius is at the anterolateral margin of the 
muscle.  
4.5.2.4 Electrode Placement for Sternocleidomastoid Muscle  
The innervation zone of the sternocleidomastoid muscle lies around the middle point of 
the muscle (Falla, 2002). The recommended location by NIOSH (1992) for the 
sternocleidomastoid is the upper third of the distance between the clavicle and the 
temporal bone. 
4.5.2.5 Electrode Placement for Levator Scapulae 
The Levator scapulae electrode location is between the anterior margin of the middle 
trapezius and the posterior margin of the SCM (NIOSH, 1992). 
4.5.2.6 Testing of Electrode Placement 
Because of the difficulty in locating the optimum location through palpation, the 
electrodes’ locations were verified by performing some activities during which a muscle 
is active as can be seen in Table 10. The use of this method to verify the location at which 
an EMG signal is best has been discussed in the literature (Harms-Ringdahl et al., 1986; 
Moroney, 1984; Moroney et al., 1988; Schuldt and Harms- Ringdahl, 1988, Marres, 
1992). In this procedure, subjects performed specific isometric contraction for each 
muscle in order to isolate it. Pettersen (2005) stated that the electrode location for the 
sternocleidomastoid can be checked by observing the EMG associated flexion of the head 
and neck. The location of electrodes on the upper trapezius and the levator scapulae can 
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be verified by observing the EMG during the elevation of the scapula (Pettersen et al., 
2005). Thus, the electrodes were placed on the locations picked by palpation and then the 
subject conducted the isolation contraction. If the EMG reading responded to the 
isolating contraction, the location was confirmed. If the EMG reading did not appear to 
be responding to the activity, electrode location was adjusted and the isolation procedures 
were repeated untill a good location was acquired. Pickens (2008) verified the location of 
upper trapezius and levator scapulae by measuring the EMG during retraction/elevation 
of the scapula.  The location of the sternocleidomastoid can be found by measuring the 
EMGs during a resistance of the head flexion (Pickens, 2008). 
Table 10 :Actions recommended for the verification of electrode placement 
Muscle Action  
Sternocleidomastoid Flexion of the head and neck 
Levator Scapulae Elevation of the scapula 
Upper Trapezius Elevation of the scapula 
 
4.5.2.7 Determination of the Maximum Voluntary Contraction (MVC) 
Static strength was assessed by having a subject exert a maximum force against an 
immovable object. The duration is usually less than 10 seconds to avoid fatiguing the 
muscle. The American Industrial Hygiene Association (Chaffin, 1975) recommends that 
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static exertions be maintained for 4 to 6 seconds, during which instantaneous maximum 
and 3-s mean force values can be recorded. 
The measured strength depends on such factors as posture, angle of the joints, motivation 
and the manner in which the force is exerted (Sanders and McCormick, 1993). Multiple 
trials are required to increase the reliability of the data collected. Strength measures can 
vary ±10% within a single day on repeated measurements from the same person (Sanders 
and McCormick, 1993). It has been demonstrated that exercising maximum voluntary 
contraction tasks is safe and the risk of injury associated with it is small (Chaffin, 1990; 
Zeh, 1986; Armstrong, 2008). 
The maximum voluntary contraction of the upper trapezius was obtained by abducting 
the arm 90 degrees (Mathiassen et al., 1995). Lateral flexion of the head with laterally 
opposing resistance mediolaterally on the head (asymmetric) was used to measure the 
maximum voluntary contraction of the levator scapulae (Pickens, 2008). The MVC of the 
sternocleidomastoid muscle was obtained by forward flexion of the head with resistance 
on the forehead (Pickens,2008). 
4.6 POSTURE DATA 
The arm postures were acquired by the use of the Motion Capture System. The locations 
of reflective markers placed on the wrist, elbow, shoulder, head, and at the neck were 
acquired with respect to a reference point set by the researcher. After the posture data 
have been acquired they were fed to a custom Matlab program that determined the arm 
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and the neck posture at any given time, specifically, the angles between the forearm and 
the upper arm, the angle of the upper arm to the torso in two directions, and the angle of 
the neck with respect to the torso.     
4.7 Synchronization 
An external trigger was used to start both systems simultaneously. The external trigger 
was a custom made trigger that was connected to the two systems (EMG system and 
Motion capture system). This trigger was made of two mice connected together as one 
mouse using an electronic chip. The motion data were considered the master and the 
EMGs were the slave and the time was used as the shared scale between the two systems. 
The time of the lifting was determined from the motion data and the EMGs data for that 
time were considered the EMGs of the lifting.  
4.8 PROCEDURE 
Subjects were brought to the lab and the entire experiment was explained thoroughly. 
After the subject had agreed to participate, his/her anthropometric data were measured 
and the maximum and the normal distance was determined.  
To permit relaxed postures the general principles of seated workers were followed. 
(McCormick, Sanders, & Ernest, 1993; Ayoub, 1973; Grandjean, 1988;  Bex, 1971). A 
thigh clearance of 66.5 cm was applied as recommended by the Human Factors Society 
(1988)  and a foot rest was  available for smaller subjects. 
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To allow for comparison between subjects as well as muscles, normalization of the EMG 
task signals against the maximal voluntary contraction (MVC) was required (Basmajian 
and Deluca, 1985; Granata and Marras, 1993, 1995; Harms-Ringdahl et al., 1986; 
Moroney et. al., 1988). Acquiring the maximum voluntary contraction involved a series 
of (MVC) trials for each muscle and the highest value obtained was considered the 
maximum voluntary contraction. 
 After the confirmation of electrode locations the EMGs software was started and the 
subject conducted a series of MVC contractions for each muscle one at a time. The 
researcher instructed the subject verbally to exert his maximum and when the subject 
verbally confirmed that he has reached his maximum he/she was asked to hold the 
maximum exertion for three seconds. To avoid physiological variability the 
measurements of the MVC were done at the start and the end of the experiment.  
After all the necessary MVC values had been acquired the subject was asked to sit on a 
chair and adjust the height till his/her elbow met the surface of the table. Each subject 
was asked to adjust the height of the chair until the principles above were met. 
Specifically, the work surface height met the elbow height of each subject. For each 
subject the edge of the normal distance and maximum distance was determined using the 
recommendation made by Barnes (1963). Since the research simulated the use of the 
right arm only, it is safe to say that the right arm was used in the half of the area which is 
about 90 degrees measured from the right edge to the middle of the table. Thus, weights 
were distributed on five locations on an arch of 90 degrees with an interval of 22.5 
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degrees for each edge of the proposed areas. Those locations were be duplicated at 
elbow and shoulder heights. To avoid any inconvenience for the subject to reach 
locations with a natural-preferred arm posture the 20 locations were divided into two 
groups. In the first group, 10 locations were on the normal distance - 5 at the elbow 
height and 5 at the shoulder height. In the second group, 10 locations were on the 
maximum distance - 5 at the elbow height and 5 at the shoulder height. Custom trays 
were used to place weights at the shoulder height.  
 At this point, the Motion Capture System and the EMG software were started 
simultaneously using an external trigger.  
Subjects were required to lift a load just off the surface (less than 1 cm) and hold it for 2-
3 seconds. The researcher instructed each subject verbally when to lift and when to 
release.  
 
4.8.1 A Sequence of Steps of Data Collection  
Collecting the data was in the following sequence:  
1-Explaining the nature of the task. 
2-Acquiring a signature for the IRB consent form. 
3-Acquiring demographics data and anthropometric measurements. 
4-Preparing the locations on which the EMG electrodes were attached.  
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5- Wearing a suit and attaching reflective markers. 
6- Adhering the EMG electrodes on the muscle locations and to the wireless data log.  
8- Determining the MVC of each muscle through the recommended exercises. 
9- Asking the subject to sit and adjust the height of the chair until the elbow level met the 
height of the table. 
11- Starting the EMG software and the Motion Capture System by the external trigger. 
13- Asking the subject to lift the weight for three seconds slightly off the surface. 
15- Repeating 13, 14 until all weights were lifted from each location. 
16- Repeat determining the MVC of each muscle at the end of all the trials. 
4.9 Data processing  
An EMG sampling rate of 1000Hz was selected. This setting was chosen because it 
allowed for the best sensitivity to the chosen musculature without creating excessive 
noise (Basmajian and DeLuca, 1985;Queisser et al., 1994; Westgaard et al., 2001). The 
Motion System data and the EMG System were synchronized with respect to time. 
Because the collection rate of the cameras is only 100 fram/second, an EMG sampling 
rate had to be chosen to be a multiple of 1000 so that synchronization between the two 
data sets was possible. For that reason, a rate of 100 frames per second for the Motion 
Capture Camera and a sampling rate of 1000 for the EMG were applied for this study.  
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The entire raw data of EMG signals of each trial were subjected to full-wave rectification 
and RMS filtering using EMGWORKS Software (Figure 18) were (a) is a row data, (b) is 
a rectified data, and (c) is RMS filter applied. For each lifting action the EMGs values for 
each muscle were recorded.  Those values of EMGs were normalized to the largest value 
of the MVC of the same muscle.  
 
(a) 
 
(b) 
 
(c) 
Figure 18:EMG collection and processing for ten lifting activities 
The motion capture data associated with the each lifting were recorded and analyzed. 
Angles of the arm as well as the neck were acquired using the MATLAB program.  
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CHAPTER 5: BIOMECHANICAL MODELING 
 
5.1 Introduction 
Many of the joints in the human body are very complicated and the number of muscles 
involved in their loading and movement make determination of the forces and moments 
involved range from difficult to indeterminate.  Where the situation is indeterminate, the 
internal forces exerted by the muscles on a joint can be estimated using biomechanical 
modeling techniques.  There are three main biomechanical models that are used to 
estimate the internal muscle forces of the cervical spine - An optimization based model 
(Morony et al (1988), An EMG-based model (Marras,1991),  and a Hybrid model by 
McGill (1994)).  These models have evolved for the low back and now are now being 
applied to the cervical spine.  Choi and Vanderby (1999) evaluated the three models and 
found that both the EMG-based model and the Hybrid model estimate the internal forces 
of the neck muscles relatively more accurately than the optimization based model. These 
models (the EMG-based and the Hybrid) are built on the fact that a large external 
moment is available. This is important due to fact that the electromyography of some 
muscles are known and the optimization must find the solution (gain correction) for these 
muscles without compromising the information received from the EMGs. To satisfy this 
restraint, the external moment must be large enough to provide enough mathematical 
space for the optimization to find a solution ( McGill, 1995).  For the case of the lumbar 
region, the external moment component created by the body center of mass is large 
enough to allow the EMG guided optimization to work. Chio and Vanderby (1999) were 
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faced with the challenge that the head mass does not produce a large moment that can 
make the solution possible. Therefore, they had to impose an external moment on the 
head to make these modeling processes work. This is an unrealistic condition that a 
worker does not encounters on a daily bases. 
Those models did not take into account the force and moment contributions coming from 
hands. It was found that moving weights by hand activates the shared musculature 
between the shoulder and the cervical spine (Woldstad, 2001).  
The contribution of hand usage to the cervical spine compressive forces is the focus of 
this research. Since the moment created by the head’s mass is relatively small it is logical 
to expect that most of the forces on cervical spine are generated by the contraction of the 
shared muscles between the neck and the shoulder. Those shared muscles are responsible 
for providing stability to the shoulder joint when the arm is moved. Therefore, calculating 
the compressive forces resulting from the major muscles that are shared between the neck 
and the shoulder will provide at least the minimum estimate of the compressive forces of 
the cervical spine. In addition, the estimation will not require complicated optimization 
techniques and will be easy to apply.  
In this study, the compressive force at C4-C5 level created by three major shared muscles 
is directly calculated using a direct analysis of muscle forces. The model is acquired by 
analyzing the forces created by the shared muscles according to their line of action and 
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anatomical characteristics. The information of muscle locations, line of action, and area 
are taken from Morony el al 1988).    
5.2 Approach  
It has been demonstrated that an estimate of the force a muscle generates can be acquired 
from the electromyographical activity (McGill, 1994). It was intended to empirically 
model the electromyography activates of three shared muscles as a result of many factors 
related to a work environment and to the worker’s physical characteristics. Muscle force 
of those muscles can be extracted using equation (2) on Page 13. Forces acting on the 
center of the disc between the C4/C5 vertebra can then be calculated by analyzing the 
muscles forces of these muscles.  Epidemiologic studies indicate that cervical spine 
cumulative disorders are mostly due to compressive forces. (Kroemer and Grandjean, 
1997; Buckle and Devereux, 2002). The modeling conducted in this research is intended 
to estimate only the compressive forces.    
5.3 Biomechanical Model of Neck  
Three bilateral pairs of neck muscles were included in the biomechanical model of the 
neck. The muscles originating or inserting at the shoulder level, crossing the C4-C5 level 
and running parallel to the cervical spine, were included in the model. The muscles that 
were included are (shown in Figure 19):  
1) Right Sternocleidomastoid and Left Sternocleidomastoid 
2) Right Levator scapula and Left Levator scapula 
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3) Right Upper trapezius and Left Upper trapezius 
 
Figure 19 : A cut at C4-C5 level Three muscles included in the biomechanical model. 1) 
sternocleidomastoid (S) 2) levator scapula (L) , 3) upper trapezius (T) adapted from 
(Morony et al . 1988) 
 
The origin of the coordinate system was set at the C4-C5 disc center, with the positive X 
axis along the right (lateral) direction, and the positive Y axis along the anterior direction, 
with the positive Z axis acting upward (Figure 19). The point of force application of the 
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individual muscles were assumed to act at the muscle centroid. The muscle cross-
sectional area, centroid location, and the direction of the angles of the line of action 
provided by Moroney et al. (1988) were used to determine the lever arm of an individual 
muscle (Table 11). Areas are expressed in ratio to the product of the neck width 
(mediolateral) and depth (anterior-posterior) and centroids are expressed in ratio to the 
neck width and depth.   
 
Table 11:Shared Muscle geometry (Morony et al (1988). 
Muscle Area 
Centeriod Line of Direction 
x y 
X-α 
 
y-β Z-λ 
Sternocleidomastiod  0.0301 0.396 0.088 75 58 37 
Levator Scapula 0.0228 0.323 0.147 110 90 20 
Upper Trapezius  0.0144 0.188 0.373 120 90 30 
 
 The mathematical equations used to determine the moment generated at the C4-C5 joint 
by the three pairs of muscles follow. 
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5.4 Force analysis 
 
The projectors of muscle forces on the Z- axis (the vertical axis) are analyzed as 
following: 
𝑇𝑅𝑧 = 𝑇𝑅  cos 𝜆𝑡 
𝑆𝑅𝑧 = 𝑆𝑅  cos 𝜆𝑠 
𝐿𝑅𝑧 = 𝐿𝑅  cos 𝜆𝑙 
𝑇𝐿𝑧 = 𝑇𝐿  cos 𝜆𝑡 
𝑆𝐿𝑧 = 𝑆𝐿  cos 𝜆𝑠 
𝐿𝐿𝑧 = 𝐿𝐿  cos 𝜆𝑙 
Where: L represents the levator Scapula muscle  
 S represents the Sternocleidomastiod muscle 
            T represents the Upper Trapezius muscle  
The compressive forces acting on the C4/C5 are the summation of the vertical 
components of the forces produced by the active shared muscles on the loaded side of the 
body and their counterparts of the co-contracting muscles on the unloaded side.  
Compressive forces =  𝑇𝑅𝑧 +  𝑆𝑅𝑧 +  𝐿𝑅𝑧 +  𝑇𝐿𝑧 + 𝑆𝐿𝑧 + 𝑆𝐿𝑧 ……………………  (5) 
Where: 
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𝑆𝑅 = Force produced by the right SCM (active muscle) 
𝐿𝑅 = Force produced by the right Levator Scapula (active muscle) 
𝑇𝑅 = Force produced by the right Upper Trapezius (active muscle) 
𝑆𝐿 = Force produced by the left SCM ( co-contracting muscle) 
𝑇𝐿 = Force produced by the left Upper Trapezius  ( co-contracting muscle) 
 𝐿𝐿 = Force produced by the left  Levator Scapula   ( co-contracting muscle) 
𝑇𝑅𝑧 = The vertical component of the force produced by the right  Upper Trapezius  
muscle. 
𝑆𝑅𝑧 = The vertical component of the force produced by the right SCM muscle. 
𝐿𝑅𝑧 = The vertical component of the force produced by the right Levator Scapula muscle. 
𝜆𝑙 = Projecting angle of the force vector to the Z- axis of the Levator Scapula muscle 
𝜆𝑠 = Projecting angle of the force vector to the Z- axis of the SCM muscle 
𝜆𝑡 = Projecting angle of the force vector to the Z- axis of the Upper Trapezius muscle 
Using a force-NEMGs equation ( 𝑓𝑖 = (
𝑒𝑚𝑔
𝑀𝑉𝐶
)
1
1.3⁄   𝑎𝑖 𝛿𝑚𝑎𝑥) forces in those muscles can 
be acquired.  
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5.5 Validating the Model 
 
It was hypothesized in this research that the compressive forces on the cervical spine 
resulting from hand activities are the result of the activation by the main shared muscles 
between the shoulder and cervical spine. If there appears to be an associated contraction 
between the active and the co-contracting muscles this may imply that co-contracting 
muscles contract to balance some of the moment produced by the active muscles. It was 
noticed that subjects manipulate their heads toward the left side (away from the lifting 
arm) and forward. This also implies that they try to provide an additional moment to 
assist balancing the moment acting on the cervical spine. One way to test the hypothesis 
that the shared muscles (active and co-contracting) are the main producers of the 
compressive forces is to conduct a moment balance analysis is conducted.   The vertical 
components of the muscle forces will be creating pressure on the cervical spine. These 
muscle forces will also create a moment around two axes. The direction of the moment 
resulting from a muscle will depend on the location of the muscle on the segment (see 
Figure 19). If the moment created by these muscles and by the head’s mass are balanced 
around two accesses, it may imply that the use of hand mainly activates the shared 
muscles on both sides and the contraction of other neck muscles is negligible.  If the 
moments produced by the shared muscles and their co-contracting counterparts and the 
head’s mass is balanced around both axes, then the model of direct calculation will be 
valid.   
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5.5.1 Moment Analysis 
 
Using the muscle forces of the shared muscles and their anatomical location and 
origntation, the moment was calculated around the X , which divides the segment into 
front and back, and around Y, which divides the segment into right and left.  In addition, 
the moment analysis was done such that it was portioned into moment produced by the 
right side muscles, the left side muscles, the front side muscles, and the back side muscles 
of the segment taken at the C4/C5 level (See Figure 20).  
A three-dimensional view of the model, showing the line of action of the three muscles 
included in the model is shown in Figure 20. The muscle cross sectional areas are 
expressed in ratio to the product of the neck width (mediolateral) and depth (anterior-
posterior). The muscle centroid locations are expressed in ratio to the neck width (Y) and 
depth (X) [Moroney et al. (1988)].  
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Figure 20 : Three dimensional view of the biomechanical model of the neck showing the 
lines of action of the four muscles; sternocleidomastoid(S), levator scapula (L), and upper 
trapezius (T). Suffix r and l stands for right and left sides. 
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A- Moment Around the Y 
The moment around the Y-Axes is produced by the muscles in the right side of the 
segment in a counter-clockwise direction and by the left side muscles of the segment in a 
clockwise direction.  
1- The Right Side (counter-clockwise) 
Moment produced by the muscles in the right side of the segment will be acting around 
the Y-access and in counter-clockwise direction. The muscles located in the right side are 
the right Upper Trapezius, the right SCM, and the right Levator Scapula. 
𝑀𝑌𝑟𝑖𝑔ℎ𝑡 =  𝑆𝑅𝑧 ∗ 𝑋𝑠 +  𝐿𝑅𝑧 ∗ 𝑋𝑙 + 𝑇𝑅𝑧 ∗ 𝑋𝑡 
Where: 
𝑀𝑌𝑟𝑖𝑔ℎ𝑡  = The moment produced by the muscles in the right side of the segment around 
the Y-Access (counter-clockwise direction) 
𝑋𝑠 = The moment arm from the centroid of the SCM muscle to the Y-access 
𝑋𝑙 = The moment arm from the centroid of the Levator Scapula to the Y-access 
𝑋𝑡 = The moment arm from the centroid of the Upper Trapezious to the Y-access 
2- The left Side (clockwise) 
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Moment produced by the muscles in the left side of the segement will be acting around 
the Y-access and in a clockwise direction. The muscles located in the left side are the left 
Upper Trapezius, the left SCM, and the left Levator Scapula. 
 
𝑀𝑌𝑙𝑒𝑓𝑡 =  𝑆𝐿𝑧 ∗ 𝑋𝑠 +  𝐿𝐿𝑧 ∗ 𝑋𝑙 +  𝑇𝐿𝑧 ∗ 𝑋𝑡 
Where: 
𝑀𝑌𝑙𝑒𝑓𝑡  = The moment produced by the muscles in the left side of the segment around the 
Y-Access (clockwise direction).  
3- The head moment (clockwise) 
The moment produced by the head of mass (7.3 % of the body’s mass) acts in a 
clockwise direction around the Y-access. 
𝑀𝑌ℎ𝑒𝑎𝑑 =  𝐻𝑚𝑎𝑠𝑠 ∗ 𝑋ℎ𝑒𝑎𝑑 
Where: 
𝑀𝑌ℎ𝑒𝑎𝑑 = the moment produced by the head mass around the Y-access. 
𝑋ℎ𝑒𝑎𝑑 = the moment arm from the center of mass location to the Y-access 
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B- Moment Around the X 
The moment around the X-access is produced by the muscles in the front side of the 
segment in a counter-clockwise direction and by the back side muscles of the segment in 
a clockwise direction.  
1- Front Side (clockwise) 
Moment produced by the muscles in the front side of the segment will be acting around 
the X-access and in clockwise direction. The muscles located in the front side are the 
right SCM, and the left SCM. 
𝑀𝑋𝑓𝑟𝑜𝑛𝑡 =  𝑆𝑅𝑧 ∗ 𝑌𝑠 +  𝑆𝐿𝑧 ∗ 𝑌𝑠 
Where:  
𝑀𝑋𝑓𝑟𝑜𝑛𝑡 = The moment produced by the muscles in the front side of the segment around 
the X-Access (counter-clockwise direction). 
𝑌𝑠 = The moment arm from the centroid of the SCM muscle to the X-access 
2- Back Side (counter-clockwise) 
Moment produced by the muscles in the back side of the segment will be acting around 
the X-access and in counter-clockwise direction. The muscles located in the back side are 
the right Upper Trapezius, the right Levator Scapula, the left Upper Trapezius, and the 
left Levator Scapuala. 
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𝑀𝑋𝑏𝑎𝑐𝑘 =  𝑇𝑅𝑧 ∗ 𝑌𝑡 +  𝐿𝑅𝑧 ∗ 𝑌𝑙 +  𝑇𝐿𝑧 ∗ 𝑌𝑡 +  𝐿𝐿𝑧 ∗ 𝑌𝑙 
Where: 
𝑀𝑋𝑏𝑎𝑐𝑘 = The moment produced by the muscles in the back side of the segment around 
the X-Access (clockwise direction). 
𝑌𝑡 = The moment arm from the centroid of the Upper Trapezius muscle to the X-access 
𝑌𝑙 = The moment arm from the centroid of the Levator Scapula muscle to the X-access 
3- The head moment (clockwise) 
The moment produced by the head of mass (7.3 % of the body’s mass) acts in a 
clockwise direction around the X-access. 
𝑀𝑋ℎ𝑒𝑎𝑑 =  𝐻𝑚𝑎𝑠𝑠 ∗ 𝑌ℎ𝑒𝑎𝑑 
Where: 
𝑀𝑋ℎ𝑒𝑎𝑑 = the moment produced by the head mass around the the X-access. 
𝑌ℎ𝑒𝑎𝑑 = the moment arm from the center of mass location to the X-access 
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5.6 Validity Testing 
 
To investigate whether the proposed model is valid the moment created by the shared 
muscles on both sides that is  acting on each access (Y-Axes and X-Axes) in both 
directions (counter-clockwise and clockwise) must be equal. A t-test with an (α=0.05) 
will be used to determine if there would be a statistical difference in the moment by the 
muscles located in the left side and muscles located in the right side are statistically 
different. Similarly, a t-test will be used to determine if the moment created by the 
muscles located in the front side and the muscles located in the back side are statistically 
different.  
Y-Axes: 
The moment produced by the right side and left side must equate as: 
 
𝑀𝑌𝑟𝑖𝑔ℎ𝑡 =  𝑀𝑌𝑙𝑒𝑓𝑡 +  𝑀𝑌ℎ𝑒𝑎𝑑   
𝑆𝑅𝑧 ∗ 𝑋𝑠 +  𝐿𝑅𝑧 ∗ 𝑋𝑙 + 𝑇𝑅𝑧 ∗ 𝑋𝑡
=   𝑆𝐿𝑧 ∗ 𝑋𝑠 +  𝐿𝐿𝑧 ∗ 𝑋𝑙 +  𝑇𝐿𝑧 ∗ 𝑋𝑡 +   𝐻𝑚𝑎𝑠𝑠 ∗ 𝑋ℎ𝑒𝑎𝑑 
X-Axes: 
The moment produced by the front side and back side must equate as: 
𝑀𝑋𝑏𝑎𝑐𝑘 = 𝑀𝑋𝑓𝑟𝑜𝑛𝑡 + 𝑀𝑋ℎ𝑒𝑎𝑑𝑀𝑋𝑏𝑎𝑐𝑘 =  𝑇𝑅𝑧 ∗ 𝑌𝑡 +  𝐿𝑅𝑧 ∗ 𝑌𝑙 +  𝑇𝐿𝑧 ∗ 𝑌𝑡 +  𝐿𝐿𝑧 ∗ 𝑌𝑙
= 𝑆𝑅𝑧 ∗ 𝑌𝑠 
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CHAPTER 6: RESULTS 
 
6.1. Introduction 
 
In this chapter the findings of the statistical analyses are presented. The muscle activities 
of the shared muscles by the shoulder and neck were studied.  The findings will hopefully 
be useful in steering the development of a biomechanical model for the human cervical 
spine and will allow for accurate estimation of compressive forces on the cervical spine 
due to the use of the hand. 
6.2. Data Collection 
 
Data for this research were collected using the procedures explained in Section 
4.5 To analyze the EMGs data collected during the lifting tasks, the data were normalized 
as described in section 2.4. The normalization procedure was used to allow   comparison 
between muscles, subjects, and times. In the normalizing procedures the recorded EMG 
activity of the muscles was divided by a maximum voluntary contraction (MVC) of that 
muscle. The posture data were collected following the procedures described in section 
4.5. The EMGs data and the posture data were synchronized using the procedures in 
section 4.7 and 4.8. 
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6.3 Statistical Analysis 
6.3.1 Overview 
 
The findings of the statistical analyses are reported here.  These include the analysis of 
variance, regression, Tukey test, and t-test.The normalized electromyography in the 
shared muscles under this study which corresponded to the interaction of five factors 
considered were subjected to analysis of variance.  This chapter also reports on the 
finding of the regression models that were extracted using multiple regression that can be 
used to predict the normalized electromyography based on hand loads, arm posture, and 
anthropometric data. The results will be helpful fill the missing link in devolving a model 
that would predict the cervical spine compressive forces based on hand loads.   
 
Analysis of the data was performed in Minitab.17 Statistical Software. First, the data of 
the normalized EMGs of all the six muscles were checked for normality. All muscles 
showed normality in their activation pattern. Figure 21 shows the results of the normality 
check.  Multiple regression analysis was performed on the normalized electromyography 
of the active muscles. All possible ways of interactions were included and a Stepwise 
(0.05) was applied.  The test was intended to discover models that connect hand posture, 
hand loads, anthropometric and demography data to the level of activation on the three 
active muscles considered.  
The effects of the factors on normalized electromyography were visually depicted. 
Figures (22-26) demonstrate the effect of the factors Gender, Height, Reach Distance, 
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Angle of Distribution, and Hand Loads on the activation percentage embodied in the 
normalized electromyography. 
  
   
   
Figure 21: Normality Check for the six muscles studied. 
  From these figures It can be seen that these factors might have an effect on the muscle 
activities in the shared muscles studied. However, ANOVA was applied to investigate 
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whether or not those factors are significant or not. Results of ANOVA are presented later 
in this chapter.  
 
Figure 22 :The effect of Reach Distance on the NEMG of the active three muscles. 
 
Figure 23 :The effect of Gender on the NEMG of the active three muscles. 
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Figure 24:The effect of Height on the NEMG of the active three muscles. 
 
Figure 25:The effect of Angle of Distribution on the NEMG of the active three muscles. 
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Figure 26:The effect of Hand Loads on the NEMG of the active three muscles 
 
The relations between the active and co-contraction muscles were depicted for each factor of the 
factors considered in this study; Gender, Height, Reach Distance, Angle of orientation, and Hand 
loads. Figures (27-41). Those charts also imply that the activities in the active muscles might 
affect the activation of the counterpart co-contraction muscles. Linear regression was applied to 
investigate the possibility of gleaning a statistical model that might predict the activities of the 
antagonistic muscle based on its active counterpart muscle. Results of regression analysis is 
reported later in this chapter.  
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Figure 27 :Activation Difference between active and antagonistic of the Trapezius muscle 
(Hand Load) 
 
Figure 28:Activation Difference between active and antagonistic of the Trapezius muscle 
(Angles) 
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Figure 29 :Activation Difference between active and antagonistic of the Trapezius muscle 
(Gender) 
 
Figure 30 :Activation Difference between active and antagonistic of the Trapezius 
muscle(Reach Distance) 
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Figure 31:Activation Difference between active and antagonistic of the Trapezius muscle 
(Height) 
                
Figure 32:Activation Difference between active and antagonistic of the SCM muscle 
(Gender) 
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Figure 33:Activation Difference between active and antagonistic of the SCM muscle 
(Reach Distance) 
 
Figure 34:Activation Difference between active and antagonistic of the SCM muscle 
(Height) 
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Figure 35:Activation Difference between active and antagonistic of the SCM muscle 
(Angles) 
 
Figure 36:Activation Difference between active and antagonistic of the SCM muscle 
(Hand Loads) 
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Figure 37:Activation Difference between active and antagonistic of the SCM muscle 
(Gender) 
              
Figure 38:Activation Difference between active and antagonistic of the Levator Scapula 
muscle (Reach Distance) 
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Figure 39:Activation Difference between active and antagonistic of the Levator Scapula 
muscle (Height) 
 
Figure 40:Activation Difference between active and antagonistic of the Levator Scapula 
muscle (Angels) 
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Figure 41:Activation Difference between active and antagonistic of the Levator Scapula 
muscle (Hand Load)
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6.3.2 Analysis of Variance  
6.3.2.1 Overview  
 
For the statistical analysis of the data as described in section 4.3.1, repeated measure 
ANOVA tests were performed on the data of normalized EMGs obtained from ten 
subjects, five males and five females. First, a five-way ANOVA with all possible two 
way interactions was used for analysis (α = .05) to test the effect of independent variables 
(Gender, Height, Reach distance, Angles, and Hand Loads) on the activation levels of the 
active muscles ( the dependent variable) . The active muscles were the right 
sternocleidomastoid, the right levator scapulae, and the right upper trapezius. 
6.3.2.2 Analysis of Variance for the upper trapezius 
  
ANOVA results for the upper trapezius are shown in table 12.  The ANOVA analysis 
indicate that all the independent variables are significantly affecting the level of 
activation in the right upper trapezius. In addition to that all the two way interaction of 
the independent variables were found to be significant as well.  When all interactions 
were examined (Figures 44-63) it appeared that under the levels considered the variables 
did not affect each other’s.  
To investigate more about how these variables affect the level of activation in the upper 
trapezius muscles. Figure (24) indicates that the change in the load position from elbow 
to shoulder increases the level of activation in the right upper trapezius. ANOVA table 
(table 12) confirms that the increase is significant under α = .05. Also, figure (23) 
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indicates females appear to increase their activation (contraction) their upper trapezius 
more in order to lift the same weights. ANOVA (Table 12) confirms that the increase in 
the level of activation between males and females is significant. Similarly, Figure (22) 
shows that lifting a weight from a normal reach distance requires less activation level of 
the upper trapezius than lifting from the maximum reach distance. ANOVA (Table 12) 
confirms that this change will result in a significant change in the level of activation in 
the upper trapezius muscles. Repeated Measures ANOVA was performed using R 
statistical software.  
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Table 12 : Repeated Measures ANOVA for Right Upper Trapezius (Factors and all two 
way interaction) 
 
 
 Variable                     DFn    DFd     p p<.05 
 Gender                       1      8        *              
 Reach                        1      8        * 
 Height                       1      8        * 
 Angle                        4      32       * 
 Loads                        4      32       * 
 Gender: Reach                1      8        * 
Gender:  Height               1      8        * 
Gender:  Angle                4      32       * 
Gender:  Loads                4      32       * 
Reach:   Height               1      8        * 
Reach:   Angle                4      32       * 
Height:  Angle                4      32       * 
Reach:   Loads                4      32       * 
Height:  Loads                4      32       * 
Angle:   Loads               16      128      * 
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The ANOVA table (Table 12) indicates the loads (weights) as a variable is significantly 
affecting the level of activation in the upper trapezius. However, how much of a change 
in hand loads can significantly affect the level of activation in the upper trapezius is very 
important information. Therefore, a Tukey Pairwise Comparisons was run.  
 Table 13 : Tukey test results for Loads 
Grouping Information Using the Tukey Method and 95% Confidence 
Loads    N    Mean  Grouping 
3.0    200  33.113  A 
2.5    200  31.175  A B 
2.0    200  29.303    B C 
1.5    200  27.178      C D 
1.0    200  25.236        D 
Means that do not share a letter are significantly different 
 
 
Figure 42 : Tukey Test for Right Upper Trapezius. 
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Figure (42) shows that a change of 1 kg will result in a significant increase in the level of 
activation in the upper trapezius muscle. However, a change of half a kilo changes the 
level of activation in the upper trapezius but not significantly. Similarly, the effect of 
changing the angle of orientation was investigated. The Tukey Pairwise Comparisons for 
the change of angle of orientation is presented in figure (43).  
Table 14 : Tukey test results for Angles of Orientation 
 
Grouping Information Using the Tukey Method and 95% Confidence 
Angle of 
Orientation    N    Mean  Grouping 
90.0          200  31.522  A 
67.5          200  30.364  A B 
45.0          200  29.166  A B C 
22.5          200  28.026    B C 
1.0           200  26.927      C 
Means that do not share a letter are significantly different. 
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Figure 43: Tukey test of the angle of orientation 
Figure (43) indicates that a change of 67.5 degrees can result in significant increase of the 
activation level in the upper trapezius muscles if the position moves from Coronal plane 
to the sagittal plane.   
As the results demonstrated, it appears that the lifting a heavier  weight would increase 
the moment acting on the shoulder which will require more muscle contraction to 
stabilize the shoulder joint. An increase in the distance also results in an increase in the 
moment around the shoulder joint by increasing the moment arm. Therefore, lifting from 
a maximum reach distance will result in a more force exerted by the muscle. In addition 
to the increase in the moment arm, changing the distance from normal to maximum 
requires extending the arm which might affect the orientation of the muscles and thus, 
might result in the need for the upper trapezius to exert more force to provide stability to 
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the shoulder joint. Likewise, a change in the position of weights ( angle of orientation ) 
can affect the moment around the shoulder and orientation of the muscles which might 
require the upper trapezius to contract more. Finally, a change of height from elbow to 
shoulder will change the position of the scapula which will put more load on the upper 
trapezius.   
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Figure 44:Interaction of Gender and Reach Distance for the Right U Trapezius 
 
Figure 45:Interaction of Reach Distance and Gender for the Right U Trapezius 
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Figure 46: Interaction of Gender and Height for the Right U Trapezius 
 
Figure 47:Interaction of Height and Gender for the Right U Trapezius 
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Figure 48:Interaction of Gender and Angle of Distribution for the Right U Trapezius 
 
Figure 49:Interaction of Angle of Distribution and Gender for the Right U Trapezius 
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Figure 50:Interaction of Gender and Loads for the Right U Trapezius 
 
Figure 51:: Interaction of Loads and Gender for the Right U Trapezius 
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Figure 52:Interaction of Reach Distance and Height for the Right U Trapezius 
 
Figure 53:Interaction of Height and Reach Distance for the Right U Trapezius 
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Figure 54:Interaction of Reach Distance and Angle of Distribution for the Right U 
Trapezius 
 
Figure 55:Interaction of Angle of Distribution and Reach Distance for the Right U 
Trapezius 
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Figure 56:Interaction of Reach Distance and Loads for the Right U Trapezius 
 
Figure 57:Interaction of Loads and Reach Distance for the Right U Trapezius 
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Figure 58: Interaction of Height and Angle of Distribution for the Right U Trapezius 
 
Figure 59:Interaction of Angle of Distribution and Height for the Right U Trapezius 
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Figure 60:Interaction of Height and Loads for the Right U Trapezius 
 
Figure 61:Interaction of Loads and Height for the Right U Trapezius 
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Figure 62:Interaction of Angle of Distribution and Loads for the Right U Trapezius 
 
Figure 63:Interaction of Loads and Angle of Distribution for the Right U Trapezius 
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6.3.2.3 Analysis of Variance for the Right Stemocleidomas 
 
ANOVA results for the Right Stemocleidomas are shown in table 15.  The ANOVA 
analysis indicate that all the independent variables are significantly affecting the level of 
activation in the Right Stemocleidomas. In addition to that all the two way interaction of 
the independent variables were found to be significant except the interaction between the 
loads and the angle of orientation.  When all interactions were examined (Figures 66-86) 
it appeared that under the levels considered the variables did not affect each other’s.  
To investigate more about how these variables affect the level of activation in the Right 
Stemocleidomas muscle. Figure (26) indicate that the change in the load position from 
elbow to shoulder increases the level of activation in the right upper trapezius. ANOVA 
table (Table 13) confirms that the increase is significant under α = .05. Also, figure (23) 
indicates females appear to increase their activation (contraction) their Right 
Stemocleidomas more in order to lift the same weights. ANOVA (Table 15) confirms that 
the increase in the level of activation between males and females is significant. Similarly, 
Figure (22) shows that lifting a weight from a normal reach distance requires less 
activation level of the Right Stemocleidomas than lifting from the maximum reach 
distance. ANOVA (Table 15) confirms that this change will result in a significant change 
in the level of activation in the Stemocleidomas muscles.  
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Table 15 :Repeated Measures ANOVA for Right SCM (Factors and all two way 
interaction) 
  
Variable       DFn DFd          p p<.05 
Gender          1   8             *  
Reach           1   8             *  
Height          1   8             *  
Angle           4  32             *  
Loads           4  32             *  
Gender:Reach    1   8             *  
Gender:Height   1   8             *  
Gender:Angle    4  32             *  
Gender:Loads    4  32             *  
Reach:Height    1   8             *  
Reach:Angle     4  32             *  
Height:Angle    4  32             *  
Reach:Loads     4  32             *  
Height:Loads    4  32             *  
Angle:Loads     16 128            *  
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The ANOVA table (Table 15) indicates the loads (weights) as a variable is significantly 
affecting the level of activation in the Stemocleidomas. However, how much of a change 
in hand loads can significantly affect the level of activation in the upper trapezius is very 
important information. Therefore, a Tukey Pairwise Comparisons was run.  
 Table 16:Tukey test results for Loads (Right Stemocleidomas) 
Grouping Information Using the Tukey Method and 95% Confidence 
Loads    N    Mean  Grouping 
3.0    200  23.868  A 
2.5    200  22.498  A 
2.0    200  21.117  A B 
1.5    200  19.667    B C 
1.0    200  18.302      C 
Means that do not share a letter are significantly different. 
 
 
Figure 64 : Tukey test results for Loads  (Right Stemocleidomas). 
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Table 16 and Figure (64) show that a change of 1 Kg will result in a significant increase 
in the level of activation in the Stemocleidomas muscle. However, a change of half a kilo 
changes the level of activation in the Stemocleidomas but not significantly. Similarly, the 
effect of changing the angle of orientation was investigated. The Tukey test for the 
change of angle of orientation is presented in figure (65) and Table 17.  
 
Table 17 :Tukey test results for Angles of Orientation (Right Stemocleidomas) 
Grouping Information Using the Tukey Method and 95% Confidence 
Angle of 
Orientation    N    Mean  Grouping 
90.0          200  22.741  A 
67.5          200  21.907  A B 
45.0          200  21.085  A B 
22.5          200  20.275  A B 
1.0           200  19.445    B 
Means that do not share a letter are significantly different. 
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Figure 65 :Tukey test results for Angles of Orientation (Right Stemocleidomas) 
 
Figure (65) indicates that a change of 90 degrees can result in significant increase of the 
activation level in the Stemocleidomas muscle if the position moves from Coronal plane 
to the Sagittal plane.   
As the results demonstrated, It appears that the lifting a heavier  weight would increase 
the moment acting on the shoulder which will require more muscle contraction to 
stabilize the shoulder joint. An increase in the distance also results in an increase in the 
moment around the shoulder joint by increasing the moment arm. Therefore, lifting from 
a maximum reach distance will result in a more force exerted by the muscle. In addition 
to the increase in the moment arm, changing the distance from normal to maximum 
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requires extending the arm which might affect the orientation of the muscles and thus, 
might result in the need for the Stemocleidomas to exert more force to provide stability to 
the shoulder joint. Likewise, a change in the position of weights (angle of orientation) can 
affect the moment around the shoulder and orientation of the muscles which might 
require the Right Stemocleidomas to contract more. But it requires a movement of 90 
degrees to have a significant difference in the activation level in the Right 
Stemocleidomas.  Finally, a change of height from elbow to shoulder will change the 
position of the scapula which will put more load on the Right Stemocleidomas.   
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Figure 66:Interaction of Gender and Reach Distance for the Right U SCM 
 
Figure 67:Interaction of Reach Distance and Gender for the Right U SCM 
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Figure 68:Interaction of Gender and Height for the Right SCM 
 
Figure 69:Interaction of Height and Gender for the Right U SCM 
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Figure 70:Interaction of Gender and Angle of Distribution for the Right SCM 
 
Figure 71:Interaction of Angle of Distribution and Gender for the Right SCM 
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Figure 72:Interaction of Gender and Loads for the Right SCM 
 
Figure 73:Interaction of Loads and Gender for the Right SCM 
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Figure 74:Interaction of Reach Distance and Height for the Right SCM 
 
Figure 75 :Interaction of Height and Reach Distance for the Right SCM 
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Figure 76:Interaction of Reach Distance and Angle of Distribution for the Right SCM 
 
Figure 77:Interaction of Angle of Distribution and Reach Distance for the Right SCM 
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Figure 78:Interaction of Reach Distance and Loads for the Right SCM 
 
Figure 79:Interaction of Loads and Reach Distance for the Right SCM 
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Figure 80:Interaction of Height and Angle of Distribution for the Right SCM 
 
Figure 81:Interaction of Angle of Distribution and Height for the Right SCM 
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Figure 82:Interaction of Height and Loads for the Right SCM 
 
Figure 83:Interaction of Loads and Height for the Right SCM 
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Figure 84:Interaction of Angle of Distribution and Loads for the Right SCM 
 
Figure 85:Interaction of Loads and Angle of Distribution for the Right SCM 
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6.3.2.4 Analysis of Variance for the Right Levator Scapula.  
 
ANOVA results for the Right Stemocleidomas are shown in table 18.  The ANOVA 
analysis indicate that all the independent variables are significantly affecting the level of 
activation in the Right Levator Scapula. In addition to that all the two way interaction of 
the independent variables were found to be significant except the interaction between the 
loads and the angle of orientation.  When all interactions were examined (Figures 88-107) 
it appeared that under the levels considered the variables did not affect each other’s.  
To investigate more about how these variables affect the level of activation in the Right 
Levator Scapula muscle. Figure (24) indicate that the change in the load position from 
elbow to shoulder increases the level of activation in the right upper trapezius. ANOVA 
table (table 18) confirms that the increase is significant under α = .05. Also, figure (23) 
indicates females appear to increase their activation (contraction) their Right Levator 
Scapula more in order to lift the same weights. ANOVA (Table 17) confirms that the 
increase in the level of activation between males and females is significant. Similarly, 
Figure (22) shows that lifting a weight from a normal reach distance requires less 
activation level of the Right Levator Scapula than lifting from the maximum reach 
distance. ANOVA (Table 18) confirms that this change will result in a significant change 
in the level of activation in the Right Levator Scapula muscles.  
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Table 18 : Repeated Measures ANOVA for Right Levator Scapula (Factors and all two 
way interaction) 
 
Variable       DFn DFd          p p<.05 
Gender          1   8             *  
Reach           1   8             *  
Height          1   8             *  
Angle           4  32             *  
Loads           4  32             *  
Gender:Reach    1   8             *  
Gender:Height   1   8             *  
Gender:Angle    4  32             *  
Gender:Loads    4  32             *  
Reach:Height    1   8             *  
Reach:Angle     4  32             *  
Height:Angle    4  32             *  
Reach:Loads     4  32             *  
Height:Loads    4  32             *  
Angle:Loads     16 128            * 
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The ANOVA table (table 18) indicates the loads (weights) as a variable is significantly 
affecting the level of activation in the Levator Scapula. However, how much of a change 
in hand loads can significantly affect the level of activation in Levator Scapula is very 
important information. Therefore, a Tukey Pairwise Comparisons was run.  
 Table 19 :Tukey test results for Loads (Right Levator Scapula) 
Grouping Information Using the Tukey Method and 95% Confidence 
 
Loads    N    Mean  Grouping 
3.0    200  37.683  A 
2.5    200  35.245    B 
2.0    200  32.840      C 
1.5    200  30.179        D 
1.0    200  27.735          E 
 
Means that do not share a letter are significantly different. 
 
 
 
Figure 86 : Tukey test results for Loads (Right Levator Scapula). 
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Table 19 and Figure (86) show that a change of 0.5 Kg will result in a significant increase 
in the level of activation in the Levator Scapula muscle. Similarly, the effect of changing 
the angle of orientation was investigated. The Tukey Pairwise Comparisons for the 
change of angle of orientation is presented in figure (87) and Table 20.  
Table 20 :Tukey test results for Angles of Orientation (Right Levator Scapula) 
Grouping Information Using the Tukey Method and 95% Confidence 
Angle of 
Orientation    N    Mean  Grouping 
90.0          200  35.679  A 
67.5          200  34.214  A B 
45.0          200  32.697    B C 
22.5          200  31.264      C D 
1.0           200  29.827        D 
 
Means that do not share a letter are significantly different. 
 
 
Figure 87 :Tukey test results for Angles of Orientation (Right Levator Scapula) 
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Figure (87) indicates that a change of 45 degrees can result in significant increase of the 
activation level in the Levator Scapula muscle if the position moves from Coronal plane 
to the Sagittal plane.   
As the results demonstrated, It appears that the lifting a heavier  weight would increase 
the moment acting on the shoulder which will require more muscle contraction to 
stabilize the shoulder joint. The Levator Scapula shows that it can contract significantly 
more when the hand loads increases by half a kilo. This finding makes the Levator 
Scapula more sensitive than the other muscles studied. A close look at the points of 
attachment of the Levator Scapula might imply that a the muscle is oriented such that it 
takes a major role in stalizing the shoulder joint and thus, a change in the moment around 
the shoulder joint would require Levator Scapula to contract harder to a achieve that 
stability.  The increase in the distance also results in an increase in the moment around 
the shoulder joint by increasing the moment arm. Therefore, lifting from a maximum 
reach distance will result in a more force exerted by the muscle. In addition to the 
increase in the moment arm, changing the distance from normal to maximum requires 
extending the arm which might affect the orientation of the muscles and thus, might 
result in the need for the Levator Scapula to exert more force to provide stability to the 
shoulder joint. The Levator Scapula appears to be more sensitive to the change in the 
position of weights (angle of orientation). The Tukey test shows that a change of 45 
degress results in a significant difference in the activation of the Levator Scapula. This 
finding imply that the Levator Scapula orientation changes dramatically as the arm moves 
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45 degress requiring the muscle to contract harder to provide stability to the shoulder 
joint. Finally, a change of height from elbow to shoulder will change the position of the 
scapula which will put more load on the Levator Scapula.   
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Figure 88:Interaction of Gender and Reach Distance for the Right Levator Scapula 
 
Figure 89:Interaction of Reach Distance and Gender for the Right Levator Scapula 
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Figure 90:Interaction of Gender and Height for the Right Levator Scapula 
 
Figure 91:Interaction of Height and Gender for the Right Levator Scapula 
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Figure 92:Interaction of Gender and Angle of Distribution for the Right Levator Scapula 
 
Figure 93:Interaction of Angle of Distribution and Gender for the Right Levator Scapula 
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Figure 94:Interaction of Gender and Loads for the Right Levator Scapula 
 
Figure 95:Interaction of Loads and Gender for the Right Levator Scapula 
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Figure 96:Interaction of Reach Distance and Height for the Right Levator Scapula 
 
Figure 97:Interaction of Height and Reach Distance for the Right Levator Scapula 
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Figure 98:Interaction of Reach Distance and Angle of Distribution for the Right Levator 
Scapula 
 
Figure 99:Interaction of Angle of Distribution and Reach Distance for the Right Levator 
Scapula 
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Figure 100:Interaction of Reach Distance and Loads for the Right Levator Scapula 
 
Figure 101:Interaction of Loads and Reach Distance for the Right Levator Scapula 
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Figure 102:Interaction of Height and Angle of Distribution for the Right Levator Scapula 
 
Figure 103:Interaction of Angle of Distribution and Height for the Right Levator Scapula 
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Figure 104:Interaction of Height and Loads for the Right Levator Scapula 
 
Figure 105:Interaction of Loads and Height for the Right Levator Scapula 
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Figure 106:Interaction of Angle of Distribution and Loads for the Right Levator Scapula 
 
Figure 107:Interaction of Loads and Angle of Distribution for the Right Levator Scapula 
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6.3.3 Regression Analysis  
6.3.3.1 Overview   
 
Multiple regression was used to model the activation level embodied by the NEMGs in 
the three active muscles the right upper trapezius, the right sternocleidomastoid, and the 
right levator scapula. The independent variables included in the multiple regression are 
presented in Table 21. Figure 14 shows that posture data that were collected from the 
camera. The choice of this set of variables was aimed at making the models more general 
in estimating muscle activities by taking into account individual characteristics and lifting 
preference. The fact that the arm has multiple degrees of freedom which results in many 
different possible ways to reach a particular location. The posture was acquired by the 
Motion Capture System.   
6.3.3.2 Regression  
 
A regression with the level of entrance to the model, alpha, of 0.05 and 0.051 for removal 
was applied to determine the variables that play a significant role in the activation of 
these muscles. The variables considered for inclusion in the model are given in Table 21.  
Results of regression, shown in Tables 22,23, and 24, indicate that for the three muscles 
all the variables in Table 20 were significant except the variable of Neck Posterior-
Anterior Flexion.  
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Table 21: Independent Variables  
 Variables 
Load Loads (Weights) lb 
Posture data  
Elbow Angle 
Upper Arm abduction –Adduction 
Upper Arm Posterior-Anterior Flexion 
Neck lateral Flexion 
Neck Posterior- Anterior Flexion 
Upper Arm Angular Movement  
Anthropometric data 
Upper arm Length (cm) 
Lower arm Length 
Shoulder to neck Distance (cm) 
Neck Length  (cm) 
Neck medial-Lateral Diameter (cm) 
Neck Posterior-Anterior Diameter (cm) 
Demographic data  
Height (cm) 
Body Weight (Kg) 
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Table 22 :Best subset Regression model: NEMG of Right Upper Trapezius 
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1 25.8             x  
2 40.7          x   x x  
3 47.8         x x   x  
4 53.3         x x  x x  
5 59.4 x        x x  x x  
6 78.5  x      x   x x x x x 
7 84.1 x      x   x x x x x x 
8 87.2 x x     x   x x x x x x 
9 88.6 x x     x x  x x x x x x 
10 89.7 x x   x   x x x  x x x x x x 
11 91.5 x  x x  x x x  x x x x x x 
12 91.9 x  x x  x x x x x x x x x x 
13 92.5 x x x x  x x x x x x x x x x 
14 92.6 x x x x x x x x x x x x x x x 
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Table 23 : Best subset Regression model :NEMG of Right SCM 
N
u
m
b
er
 O
f 
V
ar
ia
b
le
s 
R
-S
q
 
L
o
ad
s 
( 
W
ei
g
h
ts
) 
K
g
 
E
lb
o
w
 A
n
g
le
 
U
p
p
er
 A
rm
 a
b
d
u
ct
io
n
 –
A
d
d
u
ct
io
n
 
U
p
p
er
 A
rm
 P
o
st
er
io
r-
A
n
te
ri
o
r 
F
le
x
io
n
 
U
p
p
er
 A
rm
 A
n
g
u
la
r 
M
o
v
em
en
t 
N
ec
k
 l
at
er
al
 F
le
x
io
n
 
U
p
p
er
 a
rm
 L
en
g
th
 (
cm
) 
L
o
w
er
 a
rm
 L
en
g
th
 
S
h
o
u
ld
er
 t
o
 n
ec
k
 D
is
ta
n
ce
 (
cm
) 
N
ec
k
 L
en
g
th
  
(c
m
) 
N
ec
k
 m
ed
ia
l-
L
at
er
al
 D
ia
m
et
er
 (
cm
) 
N
ec
k
 P
o
st
er
io
r-
A
n
te
ri
o
r 
D
ia
m
et
er
 (
cm
) 
H
ei
g
h
t 
(c
m
) 
 B
o
d
y
 W
ei
g
h
t 
(K
g
) 
1 50.9             x  
2 61.1         x    x  
3 69.1         x    x x 
4 80.4       x  x    x x 
5 84.3       x x x    x x 
6 87.9 x      x x x    x x 
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Table 24: Best subset Regression model :Right Levator Scapula 
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1 22.5 x              
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3 47.1 x         x   x  
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6 70.6 x x     x  x x x    
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10 85.7 x x x x   x x x x x  x  
11 86.5 x x x x  x x x x x x  x  
12 87.8 x x x x   x x x x x x x x 
13 88.1 x x x x  x x x x x x x x x 
14 88.6 x x x x x x x x x x x x x x 
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To optimize the usefulness of the models that would predict the level of activation in 
these muscles, it was important to explore what could be the set of variables that would 
result in in an R-square beyond which there is a diminishing improvement. 
Studying the stepwise results in Table 22 reveals that a set of seven variables shown in 
Table 25 result in an R-sq of 84.1 % with little increase in R-sq beyond that. Therefore, a 
regression analysis was run for the NEMG of the Right upper Trapezius as independent 
variables and variables in table 25 as independent variables. The results of the regression 
yielded the model shown in Table 25. Investigating the variables shown in Table 25 
indicate that all of these variables either affect the moment around the shoulder joint 
and/or affect the anatomical characteristics of the muscle. Therefore, it is logical that 
those variables will significantly affect how much the upper trapezius contract. 
Table 25 :Best Subsets of variables chosen for the Right Upper with their order of 
inclusion. 
Variable  Order Of inclusion 
Height (cm) 1 
Neck Length  (cm) 2 
Loads ( Weights) Kg 3 
Body Weight (Kg) 4 
Upper arm Length (cm) 5 
Neck medial-Lateral Diameter (cm) 6 
Elbow Angle 7 
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Table 26 :Regression Model for Right Upper Trapezius 
Significant  Variables Variable Coefficient Model R-Sq 
Intercept 608.7 
84.1 
Loads ( Weights) Kg 3.950 
Elbow Angle 0.2518 
Upper arm Length (cm) - 21.288 
Neck Length  (cm) 27.096 
Neck medial-Lateral Diameter (cm) + 99.0 
Height (cm) - 1.5707 
Body Weight (Kg) 6.63 
 
Table 26 indicate the higher the hand load the higher the activation in the upper trapezius. 
It can be understood that increasing the hand loads will result in an increase in the 
moment acting around the shoulder which compels the upper trapezius to contract more 
to provide the stability to the shoulder joint by stabilizing the scapula. Increasing the 
moment arm also forces the upper trapezius to exert more contraction. The moment arm 
increases as the elbow angle increases. Long neck implies longer musculature tissue for 
the upper trapezius. The longer the muscle the more deviation from the best length-force 
relationship of a muscle. Therefore, a longer muscle needs to be contract harder to 
produce a force required to stabilize the shoulder joint. A larger neck diameter implies a 
larger upper trapezius. Larger muscles generate more power than smaller ones and 
therefore, it is logical to see a positive relationship between the neck diameter and the 
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level of activation. The higher the body weight corresponds to a bigger body limbs and 
thus a more moment arm generated around the shoulder joint to cope with the higher 
mass of the arm. The consequences of this will be higher activation of the upper trapezius 
and other muscles involved in stabilizing the shoulder joint. Interestingly, the body height 
which might correlate to individual body limbs (upper arm length) has a negative 
association with the level of activation in the upper trapezius. This can be justified that 
the longer the limb the larger moment arm would be. Since the body must adapt to this 
situation, it appears that the muscles also got used to this. This phenomena resembles 
subjecting the muscle to training which result in a more efficient way of exerting force 
and therefore, less activation.  
Similarly, a set of eight variables were chosen from table 23 to be used in modeling the 
NEMG of the Right SCM muscle. Table 27 contains the set of variables that was used to 
model the NEMG of the right SCM. The inclusion of this set of variables in the 
regression results in 91 % R-Square.  
The regression model acquired for the Right SCM is presented in table 28. The SCM 
appears to be responding to hand loads, the arm and neck posture, and anthropometric 
data and demographic data as well. Those variables directly affect the mechanical loading 
of the shoulder. 
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Table 27:Best Subsets of variables chosen for Right SCM with their order of inclusion. 
Variable Order Of inclusion 
Height (cm) 1 
Shoulder to neck Distance (cm) 2 
Body Weight (Kg) 3 
Upper arm Length (cm) 4 
Lower arm Length 5 
Loads ( Weights) Kg 6 
Neck lateral Flexion 7 
Upper Arm Posterior-Anterior Flexion 8 
 
Table 28:Regression Model for Right SCM 
Significant  Variables Variable Coefficient Model R-Sq 
Intercept 
391.02 
91 
Loads ( Weights) Kg 
2.793 
Upper Arm Posterior-Anterior Flexion 
0.04289 
Neck lateral Flexion 
1.626 
Upper arm Length (cm) 
- 2.4122 
Lower arm Length 
- 3.3796 
Shoulder to neck Distance (cm) 
- 4.9140 
Height (cm) 
- 1.173 
Body Weight (Kg) 
0.6231 
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The SCM muscle is attached to the clavicle bone. When the arm is elevated the scapula 
must be lifter and rotated. The clavicle must move up to accommodate for the scapula 
movement. The upper trapezius, the levator scapula and other muscles shown in Figure 
106 must work together to achieve the scapula movement. 
 
Figure 108 :The muscles that move the scapula (Posterior View) 
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The Sternocleidomastoid muscle must contract to pull the clavicle bone to permit the 
scapula to move up and to maintain the mobility of the shoulder joint. Therefore, it is 
logical to see in Table 28 that the SCM is positively associated with the loads since the 
higher the loads the larger the moment around the shoulder requiring the muscle to exert 
more force. Similarly, the upper arm posterior-anterior flexion increases the moment arm 
and thus the moment around the shoulder. Neck later flexion stretches the SCM deviating 
it from the best length-force relationship. This results in forcing the muscle to contract 
more to achieve the required force. The body weight dictates the disruption of individual 
limbs. Therefore, increasing the shoulder moment as a result of increasing the arm mass. 
The body height, upper arm length, lower arm length, and shoulder to neck distance have 
a negative association with the level of activation in the SCM muscle. Since, these 
measurements are fixed and the body must adapt, the SCM appears to have been trained 
to contract effectively and more efficient. This could be why the negative association 
with the anthropometric measurement is seen.    
For the right Levator Scapula a set of nine variables from table 24 was chosen to be 
included in the regression modeling of the NEMG of the right levator scapula. This set is 
presented in table 29. As it was shown in the Tueky test of the right levator scapula that 
this muscle is the most sensitive to change in hand loads and load position.  These 
variables directly influence the arm posture which was found to be significant and 
included in the regression analysis. The fact that this muscle is sensitive to the change of 
hand load by half a kilogram justify that finding that this the arm anthropometric data are 
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found to be significant in predicting the muscle activities since the anthropometric 
measurement affect the moment around the shoulder joint. The neck length, neck 
diameter, and the distance from the shoulder to the neck dictate the anatomical 
characteristics of the levator scapula and thus, it is contracting capability. Finally, the 
height and the weight influence the anthropometric data of the individual body limbs and 
therefore found to be significant. These variables can justify the EMG activities of the 
active levator scapula by 83.4 %. The regression model acquired for the Right Levator  
Table 29 :Best Subsets chosen for Right Levator Scapula with their order of inclusion. 
Variable  Order of inclusion 
Loads ( Weights) Kg 1 
Height (cm) 2 
Neck Length  (cm) 3 
Upper Arm Posterior-Anterior Flexion 4 
Upper Arm abduction –Adduction 5 
Upper arm Length (cm) 6 
Neck medial-Lateral Diameter (cm) 7 
Lower arm Length 8 
Shoulder to neck Distance (cm) 9 
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Table 30 :Regression Model for Right  Levator Scapula 
Significant  Variables Variable Coefficient Model R-Sq 
Intercept 
52.03 
 
 
 
 
83.4 
 
 
 
 
Loads ( Weights) Kg 
4.992 
Upper Arm abduction –Adduction 
0.14247 
Upper Arm Posterior-Anterior Flexion 
0.06980 
Upper arm Length (cm) 
- 3.687 
Lower arm Length 
    2.604 
Shoulder to neck Distance (cm) 
- 1.683 
Neck Length  (cm) 
7.577 
Neck medial-Lateral Diameter (cm) 
2.655 
Height (cm) 
- 0.3401 
 
Table 30 confirms that the larger the moment around the shoulder requires the shoulder 
muscles to exert more power to deal with the large moments. The positive association 
between the levator Scapula, which responsible to elevate the scapula and stabilize the 
shoulder joint, is seen for hand loads which create more moment. The upper arm 
movement increases the moment arm and thus increase the shoulder moment. This will 
require the levator scapula to contract harder. The increase neck length causes the muscle 
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to be longer affecting the optimality of length-force relationship. The larger the neck 
diameter means the bigger the levator scapula. Larger muscles activate more.  
For the purposes of determining, for the acceptable R-sq, the set of variables that can 
appear in each muscle’s group of the significant variable. Table 31 shows that for an 
acceptable value of R-sq for each muscle three variable appear to exist for each muscle 
including hand loads, upper arm length, and height.  The results of regression, when these 
three variables were used, is shown in Table 32. It can be concluded from Table 32 that 
by choosing just the ‘matching’ variables the R-sq of each muscle’s model drops 
dramatically. This leads to the confirmation that each muscle is unique and indicates that 
each muscle needs a separate set of variables to have a more accurate predictive model of 
each activities.  
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Table 31 :Matching Significant variables in all three muscles. 
 
B
es
t 
le
a
st
 N
u
m
b
er
 O
f 
V
a
ri
a
b
le
s 
R
-S
q
 
L
o
ad
s 
( 
W
ei
g
h
ts
) 
K
g
 
E
lb
o
w
 A
n
g
le
 
U
p
p
er
 A
rm
 a
b
d
u
ct
io
n
 –
A
d
d
u
ct
io
n
 
U
p
p
er
 A
rm
 P
o
st
er
io
r-
A
n
te
ri
o
r 
F
le
x
io
n
 
U
p
p
er
 A
rm
 A
n
g
u
la
r 
M
o
v
em
en
t 
N
ec
k
 l
at
er
al
 F
le
x
io
n
 
N
ec
k
 P
o
st
er
io
r-
 A
n
te
ri
o
r 
F
le
x
io
n
 
U
p
p
er
 a
rm
 L
en
g
th
 (
cm
) 
L
o
w
er
 a
rm
 L
en
g
th
 
S
h
o
u
ld
er
 t
o
 n
ec
k
 D
is
ta
n
ce
 (
cm
) 
N
ec
k
 L
en
g
th
  
(c
m
) 
N
ec
k
 m
ed
ia
l-
L
at
er
al
 D
ia
m
et
er
 (
cm
) 
N
ec
k
 P
o
st
er
io
r-
A
n
te
ri
o
r 
D
ia
m
et
er
 (
cm
) 
H
ei
g
h
t 
(c
m
) 
 B
o
d
y
 W
ei
g
h
t 
(K
g
) 
Upper 
Trapezius 
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Table 32 :Regression Models including matching significant variables for all muscles 
Matching Variables 
Right Upper 
Trapezius Coefficient 
Right SCM 
Coefficient 
Right L_ Scapula 
Coefficient 
Intercept 145.40 207.77 102.53 
Loads ( Weights) Kg 3.950 2.79 4.992 
Upper arm Length (cm) 2.480 1.062 0.333 
Height (cm) - 1.1861 - 1.3225 - 0.528 
R-Sq of the  Model 40.06 56.07 39.28 
 
However, including all the significant variables results in a higher correlation between 
the variables and the muscle activities.  As it can be seen from tables 22, 23,,and 24 the 
more variables included the higher the R-sq. Economically, it is important to determine 
the least number of variables that will result in an ‘ acceptable’ value of R-sq. However, 
it is also justified economically to have the least number of variables for all muscles not 
based on individual muscle. Tables 22,23, and indicate that considering the full set of all 
significant variables results in high R-sq  goes higher. Therefore, all the variables were 
used to model the level of activities in the three shared muscles considered. Table 33 
summarizes the models that multiple regression yielded.  The results shown in Table 33 
showed that the more variables included the higher the correlation will be.  However, 
comparing the models in Table 33 and  the model based on the best subset it can be seen 
the improvement is not justified by the difference in the level of complications of the 
models.  
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Table 33 :Regression Models including all Significant Variables 
Variables 
Regression Model 
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Intercept 561.8 418.09 86.92 
Loads (Weights) 3.950 2.793 4.992 
Elbow Angle 0.1395 0.0988 0.1650 
Upper Arm abduction –Adduction 0.07705 0.05074 0.10225 
Upper Arm Posterior-Anterior Flexion 0.05358 0.03893 0.06431 
Upper Arm Angular Movement 
- 0.0501 
- 0.0340 - 0.0691 
Neck lateral Flexion 0.430 1.2907 0.5191 
Upper arm Length (cm) - 21.275 - 6.081 - 7.071 
Lower arm Length 1.477 - 2.578 2.808 
Shoulder to neck Distance (cm) - 1.329 - 4.937 - 1.660 
Neck Length  (cm) 27.406 + 4.699 11.046 
Neck medial-Lateral Diameter (cm) 89.65 + 14.14 17.20 
Neck Posterior-Anterior Diameter (cm) - 113.62 - 17.18 - 18.29 
Height (cm) - 1.3836 - 1.1617 - 0.3436 
Body Weight (Kg) 5.927 1.4254 0.8540 
R-Sq of the  Model 92.5 94.0 88.1 
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6.3.4 Modeling the relation between Active and Antagonistic contraction 
 
The relations between the active and the antagonistic muscles were tests using multiple 
regression with the dependent variables being the activation levels in the antagonistic 
muscles and independent variables were the activation levels in the active counterpart 
muscles and their mathematical offshoots, including square root, square, cubic, log as 
shown in table 34 .  
A stepwise regression results are shown in Table 35. It can be seen that that 78 % of the 
activities of left upper trapezius can be explained by the activities occurring in the square 
term of the right (active) upper trapezius. Likewise, it was found that 96.88 % of the 
activities in the antagonistic muscle SCM is justified by the activities in the active 
counterpart and the cubic term of the active counterpart.  Finally, table 35 shows the 
activities in the antagonistic Levator Scapula can be predicted by 71 % when 
mathematical offshoots of the cubic NEMGs of the active Levator scapula. 
For each of the significant variables found by the stepwise from the antagonistic muscles, 
a model was constructed. Table 35 summarizes that models found from each muscle. 
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Table 34 :Variables included in stepwise for Antagonistic muscles 
 NEMG Left UT NEMG Left SCM NEMG Left LS 
In
d
ep
en
d
en
t 
V
a
ri
a
b
le
s 
NEMG Right  UT NEMG Right  SCM NEMG Right LS 
NEMG Right  UT^2 NEMG Right  SCM^2 NEMG Right LS^2 
NEMG Right  UT^3 NEMG Right  SCM ^3 NEMG Right LS^3 
Log (NEMG Right ) UT Log (NEMG Right  SCM) Log (NEMG Right LS) 
SR (NEMG Right  UT) SR (NEMG Right  SCM) SR(NEMG Right LS) 
 
Table 35 :Significant Variables for Antagonistic muscles 
 NEMG Left UT NEMG Left SCM NEMG Left LS 
V
a
ri
a
b
le
s NEMG Right  UT NEMG Right  SCM NEMG Right LS 
R
-S
q
 74 96 71 
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Table 34: Best Models for Antagonistic muscles 
 Regression Models for the  Antagonistic Muscles 
R-
Sq 
NEMG 
Left UT 
5.245 + 0.689 (NEMG Right Upper Trapezius) 78 
NEMG 
Left SCM 
-1.325 + 0.61178 NEMG of  Right  SCM) 96 
NEMG 
Left LS 
5.116 + 0.2694 (NEMG Right Levator Scapula) 71 
 
To investigate if the antagonistic muscle activity is affected by both its active counterpart and 
other active muscles on the opposite side of the neck, a stepwise was used.  For each antagonistic muscle 
a set of independent variables including the mathematical offshoots of it active counterpart and other 
active muscle were subjected to the test. Table 36 shows that variables included for each 
antagonistic muscle.  
Results of the stepwise are shown in Table 37. The results in Table 37 indicate an important 
findings. It shows that the antagonistic muscle is significantly influenced by not just its active 
counterpart but also by other active muscle.  
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Table 36 :Active muscles as independent variables in modeling the antagonistic muscles 
 NEMG Left UT NEMG Left SCM NEMG Left LS 
In
d
ep
en
d
en
t 
V
a
ri
a
b
le
s 
NEMG Right  UT 
NEMG Right  UT^2 
NEMG Right  UT^3 
Log (NEMG Right ) UT 
SR (NEMG Right  UT) 
NEMG Right  SCM 
NEMG Right  SCM^2 
NEMG Right  SCM ^3 
Log (NEMG Right  SCM) 
SR (NEMG Right  SCM) 
NEMG Right LS 
NEMG Right LS^2 
NEMG Right LS^3 
Log (NEMG Right LS) 
SR(NEMG Right LS) 
NEMG Right  SCM 
NEMG Right  SCM^2 
NEMG Right  SCM ^3 
Log (NEMG Right  SCM) 
SR (NEMG Right  SCM) 
NEMG Right  UT 
NEMG Right  UT^2 
NEMG Right  UT^3 
Log (NEMG Right ) UT 
SR (NEMG Right  UT) 
NEMG Right LS 
NEMG Right LS^2 
NEMG Right LS^3 
Log (NEMG Right LS) 
SR(NEMG Right LS) 
NEMG Right LS 
NEMG Right LS^2 
NEMG Right LS^3 
Log (NEMG Right LS) 
SR(NEMG Right LS) 
NEMG Right  UT 
NEMG Right  UT^2 
NEMG Right  UT^3 
Log (NEMG Right ) UT 
SR (NEMG Right  UT) 
NEMG Right  SCM 
NEMG Right  SCM^2 
NEMG Right  SCM ^3 
Log (NEMG Right  SCM) 
SR (NEMG Right  SCM) 
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Table 37 :Stepwise results of all active muscles as independent variables 
 NEMG Left UT NEMG Left SCM NEMG Left LS 
S
ig
n
if
ic
a
n
t 
In
d
ep
en
d
en
t 
V
a
ri
a
b
le
s 
NEMG Right  UT^2 
NEMG Right LS^3 
NEMG Right  SCM ^3 
NEMG Right  SCM 
NEMG Right LS^2 
Log (NEMG Right  SCM) 
SR (NEMG Right  UT) 
Log (NEMG Right ) UT 
 
NEMG Right  SCM 
Log (NEMG Right ) UT 
SR (NEMG Right  UT) 
Log (NEMG Right  SCM) 
Log (NEMG Right LS) 
NEMG Right  SCM ^3 
SR(NEMG Right LS) 
NEMG Right  UT^3 
 
 
SR (NEMG Right  UT) 
Log (NEMG Right LS) 
Log (NEMG Right ) UT 
NEMG Right  SCM ^3 
Log (NEMG Right  SCM) 
NEMG Right  UT^2 
NEMG Right LS^2 
NEMG Right LS^3 
SR(NEMG Right LS) 
SR (NEMG Right  SCM) 
R
-S
q
 
88.5 97.1 87.2 
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6.4 Results of the t-test Statistical Analysis of the moment  
 
Table 38 : t-test analysis of the moment around the Y-access 
Two-Sample T-Test: moment from the left, Moment from the right  
 
Descriptive Statistics 
 
Variable                  N    Mean    StDev    
Moment from the front  1000  2.2184  0.76843   
Moment from the back   1000  2.2059  0.74331   
 
Test 
 
Null hypothesis: Mean(Moment from the front) - Mean(Moment from the back) = 0 
Alternative hypothesis: Mean(Moment from the front) - Mean(Moment from the 
back) ≠ 0 
α level: 0.05 
 
DF  P-Value 
1995  0.711 
  
 
P-Value > 0.05. Cannot claim Mean (Moment from the front) ≠ Mean (Moment from 
the back). 
 
Table 39 :t-test analysis of the moment around the X-access 
Two-Sample T-Test: Moment from the right, moment from the 
Descriptive Statistics 
 
Variable                  N    Mean    StDev    
Moment from the right  1000  3.3886   1.1604   
moment from the left   1000  3.3823  0.72057   
 
Test 
 
Null hypothesis: Mean(Moment from the right) - Mean(moment from the left) = 0 
Alternative hypothesis: Mean(Moment from the right) - Mean(moment from the 
left)≠ 0 
α level: 0.05 
 
DF  P-Value 
1995  0.15 
 
P-Value > 0.05. Cannot claim Mean (Moment from the right) ≠ Mean (moment from 
the left). 
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6.5 Confidence Interval of the Moment 
 
Table 40: Confidence Interval of the Moment 
Sample T: Sum of Moment around Y  
 
Variable                   N      Mean    StDev  SE Mean         95% CI 
Sum of Moment around Y  1000  -0.00816  0.29747  0.00941  (-0.02662, 0.01030) 
 
  
T: Sum of Moment around X  
 
Variable                   N    Mean   StDev  SE Mean            95% CI 
Sum of Moment around X  1000  0.0012  0.3220   0.0102       (-0.0188, 0.0212) 
 
 
6.6 Head Moment Analysis 
 
The portion of the moment created by the head balances the total moment acting the main 
axes. This was a significant observation during the experiment. It was observed that 
participants move their head to left side. This appears to be an attempt to use the head 
mass to create a moment that will stabilize the head by assisting in countering the 
moment created by the active muscles in the right side which is relatively higher than the 
moment created by their co-contracting muscles on the left side.  
Figure 109 shows that the head moment increase as an increase in loads. The moment is 
increased by moving the head future to the left which increase the lateral flexion of the 
neck. Similarly, Figure 110 demonstrates that the neck lateral flexion corresponds to the 
increase in hand loads which results in an increase in moment created by the head.  
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Figure 109: The effect of Load and Neck later flexion on Head Moment 
 
Figure 110: The effect of  Load and Neck later flexion interaction on head moment 
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Table 41: Repeated Measures ANOVA for head moment 
  Variabl               DFn         DFd          p p<.05           
Gender                    1                  8                   NS 
Reach                      1                  8                     *  
Height                     1                  8                     *  
Angle                       4                 32                   * 
  Loads                     4                 32                   *  
Gender:Reach          1                   8                  NS 
Gender:Height         1                   8                  NS 
Gender:Angle          4                   32                 NS 
Gender:Loads          4                    32                NS  
Reach:Height          1                     8                    *  
Reach:Angle           4                     32                  *  
Height:Angle          4                     32                  *  
Reach:Loads          4                      32                  *  
Height:Loads         4                      32                  *  
Angle:Loads         16                     128                 *  
 
The results presented in Table 38 and Table 39 indicate that the moment around both the 
X, which divides the segment into front and back, and the Y, which divides the segment 
into right and left, is balanced. Table (40) shows that the moment acting of both axes. 
The confidence interval contains zero on both axes indicating that moment is balanced. 
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The moment created by the head appears to be acting in assistance to balance the moment 
around the axes. Therefore, it appears the active shared muscles and their co-contracting 
counterparts are the main generators of the compressive forces on the cervical spine when 
the hand is used extensively in carrying loads. It can also be comprehended that the effect 
of the other muscles in the cervical spine might be considered negligible under which 
criteria this research was conducted. Therefore, estimating the compressive forces on the 
cervical spine as a result of hand usage will be possible using the biomechanical model 
explained in Chapter 5 and the models acquired for the normalized EMGs of the active 
shared muscles and their co-contracting counterparts.  
 
Compressive forces =  𝑇𝑅𝑧 +  𝑆𝑅𝑧 +  𝐿𝑅𝑧 +  𝑇𝐿𝑧 + 𝑆𝐿𝑧 + 𝐿𝐿𝑧 …………….….(6) 
Where: 
                               𝑇𝑅𝑧 = 𝑇𝑅  cos 𝜆𝑡  =  0.87 𝑇𝑅 ………………….…..(7) 
                                𝑆𝑅𝑧 = 𝑆𝑅  cos 𝜆𝑠 =  0.8 𝑆𝑅  ……………………….(8) 
                              𝐿𝑅𝑧 = 𝐿𝑅  cos 𝜆𝑙 =  0.94 𝐿𝑅 ………………...……..(9) 
                             𝑇𝐿𝑧 = 𝑇𝐿  cos 𝜆𝑡 = 0.87 𝑇𝐿 ……………….……….(10) 
                              𝑆𝐿𝑧 = 𝑆𝐿  cos 𝜆𝑠 = 0.8 𝑆𝐿…………….……….……(11) 
                            𝐿𝐿𝑧 = 𝐿𝐿  cos 𝜆𝑙= 0.94 𝐿𝐿…………….……….…..(12) 
Substituting results of Table 34 in Eq 10, 11, 12:  
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𝑇𝐿 =  5.245 +  0.689   𝑇𝑅……………………….… ( 13) 
𝑆𝐿 = −1.325 +  0.61178 𝑆𝑅…………….…………. (14) 
𝐿𝐿 =  5.116 + 0.2694 𝐿𝑅  ………….……………… (15) 
Therefore,  
𝑇𝐿𝑧 = 0.87 (5.245 +  0.689   𝑇𝑅) =  4.5 +  0.6   𝑇𝑅…………(16) 
𝑆𝐿𝑧 = 0.8 (−1.325 +  0.61178 𝑆𝑅) = −1 +  0.5 𝑆𝑅…………(17) 
𝐿𝐿𝑧 = 0.94 (5.116 + 0.2694 𝐿𝑅)= 4.8 + 0.2 𝐿𝑅……………..(18) 
 
Substituting Eq 16,17,18 in Eq 6; 
 
Compressive forces 
=   0.87 𝑇𝑅 +  0.8 𝑆𝑅 +   0.94 𝐿𝑅 +  4.5 +  0.6   𝑇𝑅 − 1 +  0.5 𝑆𝑅 +  4.8
+ 0.2 𝐿𝑅 
 
Compressive forces = 8.3 + (0.87 𝑇𝑅 + 0.06   𝑇𝑅) + ( 0.8 𝑆𝑅 + 0.5 𝑆𝑅) + (0.94 𝐿𝑅
+ 0.2 𝐿𝑅)  
 
So,  
Compressive forces = 8.3 + 1.47 𝑇𝑅 + 1.3 𝑆𝑅 + 1.14 𝐿𝑅 ………………….(19) 
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Figure 111: Flow Chart of Force Calculation 
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Using the flow chart shown in Figure 109 estimation of the compressive forces resulting 
from the use of hand can be acquired. The calculation requires measurement of 
anthropometrics including; upper arm length, lower arm length, neck length, neck length, 
shoulder span length, body height, and body weight. It also requires that the hands loads 
to be known. In addition, a posture data associated with lift must be available (see Table 
21). Having data for these variables, the level of activation in three shared muscles can be 
estimated using the regression equations acquired. Table 26/28, and 30 show the 
regression equations for the upper trapezius, the SCM, and the Levatro scapula, 
respectively. Once the level of activation in these muscles is acquired, a muscle force in 
each muscle can be calculated using  Table 11 and  Force-EMGs equation (𝑓𝑖 =
(
𝑒𝑚𝑔
𝑀𝑉𝐶
)
1
1.3⁄   𝑎𝑖 𝛿𝑚𝑎𝑥 ) Where 𝑓𝑖 is the ith muscle force (N);  𝑎𝑖 is the ith muscle cross-
sectional area (𝑚2); 𝛿𝑚𝑎𝑥    is the maximum muscle force generated per unit of cross-
sectional area (3.5 𝑥 104 N-𝑚2); 
𝑒𝑚𝑔
𝑀𝑉𝐶
 is the muscle activation level expressed as a 
fraction of its maximum electromyography activity (Cholewicki et al., 1995).  
This method of estimating the compressive forces on the cervical spine at C4/C5 can be 
used to test a risk of an existing job by monitoring a job site. The method is rather simple 
and can be applied using simple equipment and easy calculation.  
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CHAPTER 7: DISCUSSION AND CONCLUSION 
 
7.1 Overview 
 
In this dissertation, the effect of arm usage on the shared musculature between the 
shoulder and the neck was studied. The muscles chosen for this study were the right and 
left upper trapezius, the right and left sternocleidomastoid, and the right and left levator 
scapula. Those muscles are shared by the shoulder girdle and the cervical spine. The 
effects on five factors ( Hand Loads, Height, Angles, Reach distance, and Gender) were 
studied using the Analysis of Variance (ANOVA). The results show that all main effects 
and two way interactions were significant for the  upper trapezius muscle, the  main 
effects and the  two way interactions were sig for the SCM muscle, and the main effects 
and the two way interactions were significant  for the levator Scapula muscle.  
 
Multiple regression was used to model the EMGs activates in the shared muscles based 
on arm posture, anthropometric measurements, and hand loads. Simple linear regression 
was used in modeling the relation between the active and antagonistic muscles.  Analyses 
of moments involved in the stability of the cervical spine were used to determine the 
validity of creating a model based on the assumption that the shared active muscles and 
their co-contracting counterparts are the main neck muscles contracting during forceful 
arm usage. And their contraction is most likely to provide shoulder stability and maintain 
stability to the neck and head ( Picken/2008).  This was done such that the moments 
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around two axes .The moment was tested for equilibrium such that there is significant 
difference between the moment created by the muscles right side and the muscles left 
side including the moment created by the head mass and there is significant difference 
between the moment produced by the muscles in the posterior side and the anterior side 
including the head moment.  . In this chapter, the conclusions and the principal findings 
of this research are discussed with respect to the research objectives and hypotheses 
outlined in Chapter I. 
7.2. Principal Experimental Findings 
7.2.1 Hypothesis 1 
Electromyography activities of the shared muscles between cervical spine and the 
shoulder joint are affected by Hand loads and other factors common at the 
workplace.  
The dependent variable is the normalized EMGs in each of the active muscles considered 
in the study. The independent factors are hand loads, locations (height, angle, and 
distance), and subject. Hand loads had five levels (1, 1.5, 2, 2.5,3 kg). The locations were 
divided into three factors to understand the effect of height, reach distance, and angle of 
distribution (distribution on the working surface).  
Results of ANOVA showed that all the factors included in the study significantly affected 
the electromyography activity in all the muscles in the study (Tables 12,15 and 18.  
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  Table 12 shows that all two way interaction for the upper trapezius muscle are 
significant, however, Figures 44-63 demonstrate that these interactions are not important 
for the range tested.   This leads to the conclusion that for the ranges tested each of the 
factors considered in this study affects the level of activation in the Upper Trapezius 
muscles regardless of other factors. 
 
For a two level factors, height and reach distance, ANOVA results show that a significant 
change in the level of activation in the upper trapezius for these levels. For multiple level 
factors, loads and angles, A Tukey test showed that a change of  one kilogram  affected 
the upper trapezius activation significantly while a change of half  a kilogram did not. 
Therefore, a change of loads between half a kilogram to kilogram would make the upper 
trapezius contract harder in a significant way (Table 13 and Figure 42). A Tukey test also 
showed that a change between 45 to 67.5 in the angles of orientation significantly 
changes the upper trapezius activation (Table 14 and Figure 43). 
The significant interaction between the loads and angles and the results of Tukey test 
indicate that when location and value of hand loads change individually or together, the 
upper trapezius muscle is forced to contract harder. This might be due to the change of 
the muscle origination and the increase in demand of larger force required.  
 
Table 15 shows that all two way interaction for the Stemocleidomas muscle are 
significant, however, Figures 66-86 demonstrate that these interactions are not important 
for the range tested.   This leads to the conclusion that each factors considered in this 
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study affects the level of activation in the Stemocleidomas muscles regardless of other 
factors. 
For a two level factors, height and reach distance, ANOVA results show that a significant 
change in the level of activation in the For a two level factors, height and reach distance, 
For multiple level factors, loads and angles, Tukey test showed that a change of kilogram  
affected the Stemocleidomas activation significantly while a change of half  a kilogram 
did not. Therefore, a change of loads between half a kilogram to kilogram would make 
the Stemocleidomas contract harder in a significant way.  (Table 16 and Figure 64). 
Tukey test also showed that a change between 67.5 to 90 in the angles of orientation 
significantly changes the Stemocleidomas activation (Table 17 and Figure 65). 
 
Table 18 shows that all main effects and two way interactions for the Levator Scapula 
muscle are significant, however, Figures 88-107 demonstrate that these interactions are 
not important for the range tested.   This leads to the conclusion that each factors 
considered in this study affects the level of activation in the Levator Scapula muscles 
regardless of other factors. 
 
For a two level factors, height and reach distance, ANOVA results show that a significant 
change in the level of activation in the For a two level factors, height and reach distance, 
For multiple level factors, loads and angles, Tukey test showed that a change of half a 
kilogram  affected the Levator Scapula activation significantly (Table 19 and Figure 86). 
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Tukey test also showed that a change between 22.5 to 45 in the angles of orientation 
significantly changes the Levator Scapula activation (Table 20 and Figure 87). 
  
These results were expected that height and distance affect the level of activation in the 
shared muscles since the change in these either the moment acting on the shoulder or the 
muscle orientation, thus, changing the demand the efficiency of the muscle in producing 
force. It was also expected that a change in hand loads would result in a significant 
change of the shared muscle activation, however, it was not expected that these muscles 
would react to load change differently. Both the upper trapezius and the Stemocleidomas  
react to a one kilogram change whereas the levator scapula reacts to a hald kilogram 
change. It was also not expected to see a response of muscle activities to the load 
locations. It is also interesting to see that these muscles react differently to the change of 
angle. The levator scapula reacts to a change between 22.5 to 45, the upper trapezius 
reacts to a change between 67.5 to 90, and the Stemocleidomas to a change of 90 degrees.  
It can be concluded that the change of loads and load location affect the orientation of the 
muscles differently. In general, the overall compressive forces on the cervical spine can 
be reduced by keeping loads as near, low, close to the coronal plane, and as light as much 
as possible.  
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7.2.2 Hypothesis 2 
Normalized EMGs activities of the shared muscles can be predicted based on hand 
loads, arm posture, and anthropometric data.   
  The results of stepwise regression shown . The best subset of variable for each muscles 
can be found Tables 26, 28, and 30 . 
 For the right upper trapezius, it was found that 84.1 % of the electromyography activity 
is explained by hand loads, arm postures, and anthropometric data. Likewise, it was 
found that 91 % of the electromyography activates in the SCM muscle can be explained 
by the hand loads, arm postures, and anthropometric data.   
Those variables were also significant in predicting the electromyography activities in the 
right Levator scapula muscle. 83.4 % of the EMGs could be explained by these variables. 
Each muscle was found to have a unique set of interdependent variables with some 
overlapping of a few variables. Hand loads, body height, and upper arm length were 
found to be significant in all the three muscles.  
7.2.3 Hypothesis 3 
The normalized EMGs in the shared muscles increase as hand loads increase  
Both analysis of variance (ANOVA) and regression analysis indicate the hand load is a 
significant factor in generating and predicting the electromyography activities in the 
shared muscles.  In all the regression analyses the coefficient of the hand loads as a 
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variable was positive and greater than zero. The coefficients of hand loads were 3.95, 
2.79, 4.99 for the right upper trapezius, the right SCM, and the right Levator scapula 
respectively.  
7.2.4 Hypothesis 4 
The normalized EMGs of the antagonistic co-contraction muscles are a function of 
their active counterpart.  
Linear multiple regressions. NEMGs of the antagonistic co-contraction muscles as 
dependent variable and the NEMGs of its active counterpart as independent variable were 
used to run a linear regression. Also, other mathematical formulas of independent 
variables such as square, cubic, square root, and log were used in multiple regression in 
modeling the relations between the NEMGs of the antagonistic co-contraction muscles. 
Stepwise results showed that 78% of the activities in the antagonistic co-contraction left 
upper trapezius can be explained by the squares of EMGs activities in the active right 
upper trapezius.     
NEMG of Left Upper Trapezius = 5.245 + 0.689 (NEMG Right Upper Trapezius) 
The activation in antagonistic co-contraction the left SCM were found to be highly 
dependent on the activation of the active right SCM. About 96 % of the EMGs in the left 
antagonistic co-contraction the left SCM can be explained by the EMGs activities in the 
active right SCM. 
NEMG of SCM= -1.325+ 0.61178 NEMG of Right SCM 
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Likewise, 71 % of the electromyography of the antagonistic co-contraction left Levator 
scapula can be explained by the electromyography of the active right Levator scapula. 
NEMG of Left Levator scapulae = 5.116 + 0.2694 (NEMG Right Levator Scapula) 
7.2.5 Hypothesis 5 
The shared muscles contraction is the main source of the compressive forces on the 
cervical spine at C4/C5 when the hand is used.  
The moments were found to be balanced around both axes - the medial-lateral  axis and 
Posterior-Anterior axis . As shown in Table 38 the shows that there was not a significant 
difference between the moments produced by right side and the left side including the 
head moment. Table 39 shows there is no significant difference between the moment 
produced by the front and back sides including the head moment. There results indicate 
that the main muscles that contract as the hand is used are the shared muscles while other 
neck muscles might contract but their effect appears to be negligible.  This finding 
supports that estimation of compressive forces on the cervical spine as a result of hand 
usage can be directly calculated from the shared muscles. Since it was found that the 
contraction in the co-contracting muscles of the active shared muscles is possible, the 
compressive forces can be calculated using the model described in chapter 5. This finding 
also demonstrates that the use of complicated biomechanical models may not be 
necessary in all cases involving the spine.  In cases such as this one, a simple direct 
model can be used accurately.  
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7.2.6  Modeling 
 
Based on the outcome of the hypothesis 2, hypothesis 4, and hypothesis 5 building a 
model to predict the compressive force on the cervical spine (C4/C5) based on the shared 
muscle force production can be constructed.  .  These hypotheses  establish that the 
muscle response is estimable based on the posture, anthropometry, and loading (H2), that 
the muscle response of the co-contraction muscles is estimable based on the estimates for 
the muscles of the affected side (H4), and that the cervical spine is in equilibrium (H5).  
The model developed starts with the hand load, the anthropometry of the individual, and 
the posture data to arrive at estimates of the loading of the three muscles studied.  This is 
followed by a kinematic analysis of these muscle forces to obtain the force components in 
a vertical direction and ending with an estimate of the total  compressive force estimate 
on the C4/Cy vertebreal joint. 
7.3 Conclusion  
 
Overall, the results of this study indicate that the neck muscles play an active role during 
materials handling activities requiring forceful one arm exertions. These results confirm 
the epidemiologically known facts that manual material handling activities that require 
forceful arm usage are associated with neck disorders Ohara et al., 1976; Luopajarvi et 
al., 1979, Torner et al., 1991). The results of this study also demonstrate that that the 
shared muscles between the neck and shoulder play a major role during lifting. Those 
muscles are significantly affected by height, loads being lifted, reach distance, and load 
location in addition to gender.  
189 
 
 
 
Males show less relative activation levels than females for the same lifting. This can be 
accounted for by considering that, in general, anatomically, males, have larger muscles. 
Since muscle strength is proportional to its cross sectional area, it is logical to conclude 
that females must activate their muscles to a higher level relative to  their strength to 
achieve the force needed to conduct the lifting resulting in exerting more forces on their 
cervical spine.  
Increasing the loads being lifted increases the moment acting on the shoulder and thus 
forcing the shared muscles to contract harder resulting in a more force acting on the 
cervical spine. Similarly, the larger the distance the more the moment from the shoulder 
which increases the shoulder moment resulting in more contracting of the shared muscles 
and thus more forces on the cervical spine. The location of the load being lifted changes 
the orientation of the shared muscles making a significant demand for these muscles to 
contract to compensate for force production needed.  
In addition to the identification of the physical factors that significantly affect the 
activation level of the shared muscles and thus the compressive forces on the cervical 
spine, it was also found that during lifting tasks  there were significant  muscle activities 
of the left site. These activities were, in general, less that the activities of the active right 
muscles but the fact the activities in these muscles were found to be predictable from the 
active muscles is noteworthy. Regardless of the level of activation of the left-side 
muscles, their contraction adds to the total force compressing the cervical spine. The 
contraction of these muscles appears to be in response to activities in the active side 
which is most likely to stabilize the cervical spine and maintain the head posture.  
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Analysis of the moment created by the active shared muscle on the right side and 
their counterparts on the left side in addition to the head created by the head show that 
during lifting the shared muscles are the main sources of the compressive forces on the 
cervical spine.  
These Results paved the way in creating an easy model that can estimate the 
compressive forces on the cervical spine. This model requires information about 
anthropometric measurements, posture, and loads being lifted. This model makes 
estimation of the compressive forces resulting from the hand usage possible.  
Finally, it is noteworthy that the discovery that during lifting the shared muscles 
are the main active muscles in the neck had made it possible to establish such a model. 
The fact that there is a strong connection between the active and co-contracting shared 
muscles further simplified the model.  
 
7.3 Future work 
A direct link of the moment generated by hand loads to be included in other moments 
acting on the cervical spine is kinematically impossible.  Therefore, many attempts have 
been made to use shoulder models as a connecting point between the shoulder and the 
biomechanical models of the cervical spine (Woldstad and Hayes ,2003) .  In this work, 
Woldstad and Hayes (2003) used the Chalmers shoulder model to link hand loads to 
compressive forces on the cervical spine. The inputs to their model include hand load, 
neck moment, subject anthropometry and the outputs were the estimated C4/C5 
intervertebral joint compressive forces. Mainly, the force estimations of the Chalmers 
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shoulder model of the shared muscles between the neck and shoulder (spenius, trapezius, 
levator scapulae) were used as the lower bounds of the Optimization technique developed 
by Moroney et al., (1988). By applying this model Woldstad and Hayes ( 2003) found 
that the inclusion of hand loads increases the compressive forces 88%. However, Pickens 
(2008) used the EMGs to measure the accuracy of the Chalmers shoulder model and 
found that the model does not accurately predict the forces in the share musculature 
between the shoulder and the cervical spine.  Also, the effect of load locations must be 
studied to optimize workplace design. In this research it appears that shared muscles react 
differently to the change of load location. This change might result in a change in load 
taking by muscles or an increase in compressive forces on the cervical spine.  
 Future work should incorporate the finding of this study in the cervical spine 
biomechanical modeling. Future work should focus on studying more variables 
pertaining to a work environment.  The empirical based equations found by this research 
can accurately predict the electromyography of the shared musculature between the neck 
and the cervical spine. These values can be used as link between work variables and 
physiological response in a form of muscle force. In addition, this study adapted the norm 
of a dynamic task approximated to a static one. This adaptation of a static model to a 
dynamic task might have caused some of the variation. Future work should attempt to 
model the electromyography in dynamic lifting tasks. 
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7.4 Study limitations 
Even though this study showed important findings, some limitations were applied.  
These limitations were a result of the study design and assumptions. The primary 
limitation was due to the use of surface electromyography. Even though all necessary 
steps were taken to ensure the accuracy and the validity of electrode placement, the 
inherent imperfection of surface electromyography might have led some error. This 
potential lies mostly with the data for the levator scapulae. The reason lies with the 
anatomical arrangements of these muscles. This might have led to a cross talk between 
the muscles. 
Cross-talk happens when the EMGs surface electrode collects the electrical activity of not 
only the targeted muscle, but of other near and surrounding muscles. This can lead to the 
problem that the values recorded for that muscle are greater than the actual values. 
 
Another source that might have led to the production of error in this study was the 
adaptation of a dynamic task approximated to a static task. In addition, the laboratory 
based nature of this study imposes the limitation would not happen that at actual 
workplaces where workers are often involved in more complex static and mostly dynamic 
exertions.  
 
Finally, this study was conducted by following well-established research guidelines and 
by using the state of art technology. Even though there were some limitations, we believe 
that the results are highly reliable and scientifically proven.   
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INFORMED CONSENT FORM 
 
 
Title of Project: 
MODELING THE CONTRIBUTIONS OF   HAND LOADS TO CERVICAL 
SPINE COMPRESSIVE FORCES 
Identification of the Project: 
The purpose of this research is to study the injuries associated with the cervical spine, due 
to the use of hand movements by simulating a work environment.. More specifically, this 
research is aimed to establish a biomechanical model that will quantify the contribution of 
hand loads under different arm postures to the compressive forces acting on the cervical 
spine. The results of this research will help to identify preventive and proactive measures 
that will improve job task analysis in the prevention of neck injuries. 
To be eligible for this study, you must declare that you: 
 Are healthy with no previous record of neck and shoulder injuries; 
 Have No previous injury or experience pain in your wrist, shoulder, arm, elbow, 
neck or back pain; 
 Are at least 19 years old, and; 
 If you are a female adult, you must not be pregnant or recently been pregnant. 
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Procedure:  
Participation in this study will take approximately 3 to 4 hours. You will need to complete 
your participation in one sitting so that any variations in measurement can be minimized.  
All procedures will be conducted at the Nebraska Tractor Testing Laboratory (NTTL) 
located at 35th & East Campus Loop. 
Your physical characteristic data will be collected prior to the experiment. The data 
collected will be: gender, height, arm length, neck diameters, and weight. No other personal 
information will be gathered, except for your contact information so that we can contact 
you in the future, if needed.   
Initially you will be given an opportunity to familiarize yourself with the lifting task of the 
experiment.  After the familiarization session, you will (in order of description):  
1) Complete muscle isolation procedures which will be completed by having you move 
your hand from side to side or up and down while the researchers are looking for a muscle 
contraction in your neck. 
2) Wear an appropriate motion capture suit with customized markers. This suit and markers 
will allow us to measure your arm posture. 
3) Perform a series of maximum voluntary muscle contractions. These contractions were 
designed based on the actions of the targeted muscles that were found during the isolation 
procedures. They are such that the muscles contract with full force, but do not change 
length. You will determine whether or not you have reached the maximum exertion and 
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you should tell the researcher verbally if you have reached maximum exertion  so that you 
are not overexerting yourself. The exercise that you will perform will require you to lift 
your arm to shoulder height while pulling a rope attached to the ground.  The second 
exercise will have you use your hands (pushing against one another) while trying 
not to move your head.  
4)  After the isolation movement, you will have six surface Electromyography (EMG) 
electrodes attached to your skin around the neck after the researchers have found the 
muscles through the movements. These electrodes will record the electrical activity of your 
muscles during contractions. The EMG electrodes will not pass any current to you. They 
are used only to measure the activities of the muscles by recording the electrical signal 
from the targeted muscles. This electrical activity occurs naturally when muscles contract. 
The muscles targeted in this research are within the neck region.  (The upper trapezius 
(posterior neck muscle), sternocleidomastoid (anterior neck muscle), and levator scapulae 
(lateral-posterior neck muscle)) 
 5)  The next procedures will be the lifting task data collection period. In this period, you 
will be asked to sit on a chair and adjust the chair height till your elbow is parallel to the 
table’s surface. If you need a foot rest one will be provided.  While seated, you will be 
asked to repeatedly lift a set of 5 weights of 1 Kg (2.2 lb), 1.5 Kg (3.3 lb),2 Kg (4.4 
lb), 2.5 Kg (5.5 lb),3 Kg (6.6 lb)from twenty locations on the desk.  The weights will 
be positioned at the elbow height and shoulder height.  These loads are randomly 
distributed on the table in front of you and you shall lift them using your right hand only 
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during the task.  (Please see appendix A for an image of the lifting task.) You will lift each 
weight slightly off the surface and maintain that for 2-3 seconds and then place it back on 
the surface.   While performing these lifting tasks, the activities will be recorded by the 
motion capture suit and the EMG system. A rest period of 1-2 minutes will be provided 
between each trial and upon request.  
6) After all trials have been successfully performed you will be asked to repeat the series 
of maximum voluntary muscle contractions which were the rope pulling movements 
and the hand pushing tasks. 
Photography/Videography: 
Photos and video of you completing the procedures will be taken.  The videos will help us 
to develop the biomechanical model.  The photos may be used in publications or conference 
presentations, but the photos used will be de-identified by blacking out the image over your 
face.  The videos will only be used and accessed by the research team and will not be used 
in presentations or conference proceedings.   
Risk and/or Discomforts: 
There might be a slight chance of muscle strain or sprain, muscle soreness, muscle 
fatigue and neck or shoulder strain during the investigation. All of the tasks you will 
be asked to perform pose no more than minimal risk to your safety and are not greater than 
those encountered in everyday life.  Also, you will be provided with a minimum of 1 
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minute to rest in between trials. If you feel tired you can request more breaks 
between the experiments. 
Benefits: 
Although there are no direct benefits to you, the knowledge gained from these results may 
be beneficial to the greater population as it leads to a better understanding of the role of 
hand loads in cervical spine disorders. In addition, the information ascertained might 
also be used to justify further research in the growing area of technology and 
innovation. 
Medical care in case of injury: 
In the unlikely event that you should be injured as a direct consequence of the research 
procedures described above, medical care is provided at the University of Nebraska Health 
Center at 15th and U streets (402)-472-5000) for UNL students. Their business hours are 
8 a.m. – 6 p.m. Monday through Thursday, 8 a.m. – 5 p.m. Friday, and 9:00 a.m. – 12:30 
p.m. Saturday.  Saturday hours are for urgent care needs only. The cost of such medical 
care will be your responsibility, whether at the University Health Center or at other local 
health care facilities. If the health center is unable to treat you, emergency care is available 
at local community health providers. 
If you are not a  UNL student, please visit your respective healthcare provider.  The cost 
of medical attention will be your responsibility.  
Confidentiality: 
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Any information obtained during this study which could identify you will be kept strictly 
confidential. The data will be stored in a locked cabinet in the investigator’s office and will 
be kept by the investigator during the study and for three years after study is completed.  
Contact information and identifiers will be removed from the data during collection and 
stored separately and will then be destroyed after the project’s data collection is complete.  
Your consent document and contact information will be stored with a reference number 
separately from the data collected during the procedures and will be kept in a locked cabinet 
or a password-secured computer in Dr. Jeffrey Woldstad’s office. All data results for this 
experiment will be presented as averages and will not allow identification of the results for 
individual subjects. The information obtained in this study may be published in scientific 
journals or presented at scientific meetings. 
Compensation: 
There is a compensation of $10/hour for participating in this study for a maximum of 4 
hours.  You will be requested to complete a participant payment receipt form so the 
Department Business Office can process the payment and send it to you.  
Opportunity to Ask Questions: 
You may ask any questions concerning this research and have those questions answered 
before agreeing to participate or during the experiment. Or you may call the investigator 
at any time, office phone, and (402) - 326-0805. If you have any questions concerning 
your rights as a research subject that have not been answered by the investigator or to 
report any concerns about the study, you may contact the University of Nebraska-Lincoln 
Institutional Review Board at (402)-472-6965. 
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Freedom of withdraw: 
You are free to decide not to participate in this study or to withdraw at any time without 
adversely affecting your relationship with the investigators, and the University of 
Nebraska. Your decision will not result in any loss of benefits to which you are otherwise 
entitled and you will be paid for the sessions that you have participated prior to 
withdrawal. 
Consent, Right to Receive a Copy: 
You are voluntarily making a decision whether or not to participate in this research study. 
Your signature certifies that you have decided to participate having read and understood 
the information presented. You will be given a copy of this consent to keep.  If you also 
wish to have a copy of the final research paper please let the investigators know 
and one will be sent to you. 
 
Please check the circle if  you consent or do not consent to photography or videography: 
o I consent for photography during the experiment. 
o I do not consent for photography during the experiment. 
o I consent for videotaping during the experiment. 
o I do not consent for videotaping during the experiment. 
 
 
___________________________ ___________________________    
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Signature of Research Participant  Date 
 
___________________________        
Printed Name of Research Participant  
 
 
 
Name and Phone number of investigator(s): 
Dr.Jeffrey Woldstad, Ph.D., P.E (Principal Investigator)                  Office: (402)-472-
0426 
Mohamed Amar (Graduate Student)                      Mobile: (402) - 
326-0805 
 
 
 
 
 
